Ultra-small silver nanoparticles as advanced materials: from synthesis to properties and applications by YUAN XUN
  
 
 ULTRASMALL SILVER NANOPARTICLES AS 
ADVANCED MATERIALS: FROM SYNTHESIS TO 








NATIONAL UNIVERSITY OF SINGAPORE 
2014
  
ULTRASMALL SILVER NANOPARTICLES AS 
ADVANCED MATERIALS: FROM SYNTHESIS TO 
PROPERTIES AND APPLICATIONS 
 
YUAN XUN 
(M.E., Shandong University of Technology, China) 
 
 
A THESIS SUBMITTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMICAL AND 
BIOMOLECULAR ENGINEERING 





I hereby declare that the thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis. 

















Firstly, I would like to convey my deepest appreciation to my supervisor, 
Prof. Xie Jianping, for his constructive guidance, constant encouragement, 
patience and understanding throughout the whole period of my PhD 
candidature. He led me to the intriguing research field when I hardly knew 
anything about noble metal nanoclusters at the beginning. His knowledge 
which is both broad-based and focused, and his stories on the successful 
integration of ideas across different disciplines, have always been a source of 
inspiration. In addition, I would also like to thank Prof. Leong Tai Wei David 
for his valuable discussions and guidance on my research projects. 
I would like to express my sincere thanks to my labmates, particularly 
Dr. Yu Yong, Mr. Luo Zhentao, Mr. Yao Qiaofeng, Dr. Yu Yue, Ms. Lu 
Meihua, Mr. Li Jingguo, Ms. Liu Qing, and Ms. Zheng Kaiyuan, for their help 
in my research and friendship. I also appreciate other collaborators for their 
great help in my experiments. I am grateful to Mr. Toh Keng Chee, Mdm. Teo 
Ai Peng, Mr. Lim You Kang, Mr. Qin Zhen, and other technicians in ChBE 
for their assistance and support.  
I wish to acknowledge the National University of Singapore for the 
scholarship, and Chinese government for the Award of Outstanding Self-
Financed Students Abroad in 2013. 
Finally, I would love to thank my parents, parents in law, brothers, and 
especially my beloved wife, Dou Xinyue, for their unconditional love, support 
and encouragement during my study abroad in Singapore.  
iii 
TABLE OF CONTENTS 
DECLARATION ............................................................................................... i 
ACKNOWLEDGEMENTS .............................................................................. ii 
TABLE OF CONTENTS ................................................................................. iii 
SUMMARY .................................................................................................... vii 
LIST OF FIGURES ......................................................................................... xi 
LIST OF SYMBOLS ................................................................................... xviii 
CHAPTER 1 INTRODUCTION .......................................................................1 
1.1 Background .............................................................................................. 1 
1.2 Research Objectives ................................................................................. 4 
1.3 Thesis Outline .......................................................................................... 6 
CHAPTER 2 LITERATURE REVIEW ............................................................7 
2.1 Synthesis of Monodisperse/Luminescent Au/Ag NCs ............................. 7 
2.1.1 Reductive Decomposition of the Au(I)/Ag(I)-SR Complexes ........12 
2.1.2 Thiol Etching of Polydisperse Au/Ag NCs and NPs .......................18 
2.2 Luminescence Properties of Metal NCs ................................................. 26 
2.3 NC-Based Optical Sensors ..................................................................... 29 
2.3.1 Metal Core as the Recognition Component .....................................31 
2.3.2 Ligand Shell as the Recognition Component ..................................38 
2.4 Ag Nanomaterials for Antimicrobial Application ................................. 43 
CHAPTER 3 SYNTHESIS OF HIGHLY LUMINESCENT METAL (Ag, Au, 
Pt, AND Cu) NANOCLUSTERS BY ELECTROSTATICALLY-INDUCED 
REVERSIBLE PHASE TRANSFER ..............................................................44 
3.1 Introduction ............................................................................................ 44 




3.2.3 Synthesis of the Original Metal NCs in the Aqueous Phase ...........47 
3.2.4 Phase Transfer from Aqueous to Toluene .......................................48 
3.2.5 Phase Transfer from Organic to Aqueous .......................................49 
3.3 Results and Discussion ........................................................................... 49 
3.4 Conclusion ............................................................................................. 63 
CHAPTER 4 HIGHLY LUMINESCENT Ag+ NANOCLUSTERS FOR Hg2+ 
ION DETECTION ...........................................................................................64 
4.1 Introduction ............................................................................................ 64 
4.2 Experimental Section ............................................................................. 66 
4.2.1 Materials ..........................................................................................66 
4.2.2 Instruments ......................................................................................66 
4.2.3 Synthesis of the Blue-Emitting Ag NCs (b-Ag NCs) ......................67 
4.3 Results and Discussion ........................................................................... 68 
4.4 Conclusion ............................................................................................. 77 
CHAPTER 5 HIGHLY LUMINESCENT SILVER NANOCLUSTERS WITH 
TUNABLE EMISSIONS: CYCLIC REDUCTION-DECOMPOSITION 
SYNTHESIS AND ANTIMICROBIAL PROPERTY ....................................79 
5.1 Introduction ............................................................................................ 79 
5.2 Experimental procedures ........................................................................ 82 
5.2.1 Materials ..........................................................................................82 
5.2.2 Characterization ...............................................................................82 
5.2.3 Synthesis of r-Ag NCs and g-Ag NCs in Water ..............................83 
5.2.4 Bacterial Cell Culture ......................................................................84 
5.2.5 Agar Diffusion Assay ......................................................................85 
5.2.6 Reduction of Cell Growth................................................................85 
5.2.7 Reactive Oxygen Species (ROS) Detection ....................................87 
5.3 Results and Discussion ........................................................................... 87 
5.3.1 Synthesis of Highly Luminescent Ag NCs via a Cyclic Reduction-
Decomposition Process ............................................................................87 
v 
5.3.2 Characterization of Thiolate-AgI Complexes and Ag NC 
Intermediates ............................................................................................90 
5.3.3 Synthesis and Characterization of r-Ag NCs ...................................93 
5.3.4 Synthesis and Characterization of g-Ag NCs ..................................97 
5.3.5 Superior Antimicrobial Activity of the Ag NCs ..............................99 
5.4 Conclusion ........................................................................................... 102 
CHAPTER 6 ULTRASMALL Ag+-RICH NANOCLUSTERS AS HIGHLY 
EFFICIENT NANORESERVOIRS FOR BACTERIAL KILLING .............103 
6.1 Introduction .......................................................................................... 103 
6.2 Experimental Section ........................................................................... 105 
6.2.1 Materials ........................................................................................105 
6.2.2 Characterization .............................................................................105 
6.2.3 Synthesis of GSH-Ag+-R NCs and GSH-Ag0-R NCs ...................106 
6.2.4 Bacterial Cell Culture ....................................................................107 
6.2.5 Agar Diffusion Assay ....................................................................107 
6.2.6 Reduction of Cell Growth..............................................................108 
6.3 Results and Discussion ......................................................................... 108 
6.4 Conclusion ........................................................................................... 117 
CHAPTER 7 GLUTATHIONE-PROTECTED SILVER NANOCLUSTERS 
AS CYSTEINE-SELECTIVE LUMINOMETRIC AND COLORIMETRIC 
PROBE ...........................................................................................................118 
7.1 Introduction .......................................................................................... 118 
7.2 Experimental Section ........................................................................121 
7.2.1 Materials ........................................................................................121 
7.2.2 Characterization .............................................................................122 
7.2.3 Synthesis of r-Ag NCs. ..................................................................122 
7.2.4 Selectivity of the r-Ag NCs for Cys Detection. .............................123 
7.2.5 Sensitivity of the r-Ag NCs for Cys Detection. .............................123 
7.3 Results and Discussion .....................................................................124 
vi 
7.4 Conclusion ........................................................................................135 
CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS ..................136 
8.1 Conclusions .......................................................................................... 136 
8.2 Recommendations ................................................................................ 141 







Ultra-small silver nanoparticles (NPs), typically described as Ag  
nanoclusters (NCs), are defined as isolated Ag particles less than 2 nm in size 
with up to a hundred Ag atoms. Particles in this sub-2 nm size regime display 
discrete and size-tunable electronic transitions owing to their strong quantum 
confinement effects, which lead to interesting molecule-like properties such as 
strong luminescence. In the past few years, luminescent metal NCs have 
emerged as a new class of promising optical probes for biomedical and 
environmental applications due to their ultrafine size, excellent photostability, 
and low toxicity. Currently, the synthesis and applications of Au NCs have 
been extensively explored in the cluster community. However, the same 
expansion does not occur in the Ag field possibly due to its susceptibility to 
oxidation, although it is well-known that Ag is featuring with intriguing 
physicochemical properties, relative abundance, and low cost. In this thesis, 
two simple, scalable, and generalized strategies, based on mild etching 
kinetics via delicately playing with cluster chemistry, are developed for the 
synthesis of highly luminescent Ag NCs. In addition, several application 
explorations, including environmental monitoring, biomolecular recognition, 
and antimicrobial agent development, have been successfully demonstrated by 
using the as-synthesized luminescent Ag NCs. 
We first designed a simple and versatile method for the synthesis of 
highly luminescent Ag, Au, Pt, and Cu NCs, on the basis of a mild etching 
environment, delicately created from a phase transfer of the as-prepared NCs 
via electrostatic interactions. Using Ag as a model metal, we have developed a 
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simple and fast (total synthesis time < 3 h) phase transfer cycle [aqueous → 
organic (2 h incubation) → aqueous] to successfully process originally 
polydisperse, nonluminescent, and unstable Ag NCs, into monodisperse, 
highly luminescent, and extremely stable Ag NCs, in the same aqueous phase 
and stabilized by the same thiol ligand. This synthetic protocol was further 
extended to prepare highly luminescent Ag NCs protected by other thiol 
ligands, such as custom-designed peptides with pre-designed functionalities 
(e.g., carboxyl, hydroxyl, and amine).  
In a follow-up study, we have used the as-prepared highly luminescent Ag 
NCs to construct a simple, low-cost, and label-free Hg2+ ion sensor, which is 
of paramount interest in the environmental monitoring. We smartly applied the 
attractive features of the as-prepared luminescent Ag NCs, including its strong 
luminescence with a high quantum yield of 15%, its ultra-high ratio of active 
species (Ag+ in this case) on the Ag NC surface, which is about 100%; and its 
ultrathin organic layer (therefore a very short diffusion path length for the 
analytes, Hg2+ ions, to access the Ag NC surface), to achieve a very good 
sensor performance for Hg2+ detection. 
On the other hand, we realized the crucial role of biocompatibility of Ag 
NCs for biomedical applications, and have successfully developed a facile 
pure “green” synthetic protocol to prepare highly luminescent Ag NCs with 
tunable emission colors in aqueous solution. Our key strategy was to apply a 
reduction–decomposition–reduction cycle to delicately modify Ag NC 
intermediates or precursors, which were further subjected to size or structure 
focusing. We have shown that, as compared to the un-modified Ag NCs, the 
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as-modified ones after a reduction-decomposition-reduction cycle, were more 
robust in water against the subsequent etching by thiol ligands, which could 
create a mild size-/structure-focusing environment, leading to the formation of 
highly luminescent Ag NCs with a well-defined size and structure. By using 
this method, we have successfully obtained Ag NCs emitting intense red and 
green fluorescence. The as-synthesized Ag NCs possessed well-defined sizes 
and structures, including Ag16(SG)9 and Ag9(SG)6. They also exhibited 
excellent stability in aqueous solution; a crucial feature for their further 
biomedical applications. 
For example, in a further study, we have demonstrated the excellent 
antimicrobial activities of the as-prepared Ag NCs. We found that the 
ultrasmall Ag+-rich NCs (Ag+-R NCs for short, with a dominant Ag+ species 
in the NCs) showed much higher antimicrobial activity (over both gram-
negative and gram-positive bacteria) when compared to that of the reference 
Ag NCs—Ag0-R NCs (with a dominant Ag0 species in the NCs). These two 
Ag NCs featured with the same size and surface ligand, but had different 
oxidation states in their Ag cores. Our findings clearly suggest that the un-
dissociated Ag+-R NCs armed with abundant Ag+ ions on the NC surface were 
highly active in bacterial killing. Such a phenomenon was not observed in 
their larger counterparts – Ag NPs with core sizes above 2 nm. 
Furthermore, the highly luminescent Ag NCs can also be used as 
luminescent probes for biomolecules detection. As a simple demonstration, we 
used the as-prepared luminescent Ag NCs to construct an efficient sensor for 
cysteine (Cys, a natural amino acid) detection. The as-constructed sensor 
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featured with high selectivity and sensitivity over Cys. In this sensor design, 
we have rationally incorporated an interference bio-thiol, glutathione or GSH, 
as a coating ligand for one red-emitting Ag NC. By doing so, both the 
physicochemical properties of the Ag NC core, such as unique Ag chemistry 
and high luminescence, and the physical properties of the organic shell, such 
as pre-designed steric hindrance, can be integrated into a single entity, GSH-
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Ultrasmall noble metal nanoclusters (NCs) are a subgenre of nanoparticles 
(NPs) with a core size below 2 nm and containing several to a few hundreds of 
metal atoms.1, 2 This size is comparable to the Fermi wavelength of conduction 
electrons of Au and Ag (~1 nm). Due to the strong quantum confinement of 
free electrons in this size regime, NCs possess discrete and size-dependent 
electronic states, and exhibit interesting molecule-like properties such as 
quantized charging,3, 4 magnetism,5, 6 and strong luminescence.7-9 These 
properties are, however, not observed in their larger counterparts – noble 
metal NPs with core sizes >2 nm.2 Such unique properties enabled NCs to be 
emerging as a new class of functional nanomaterials.  
So far, a series of atomically precise Au NCs (e.g. Au8,10, 11 Au10,12, 13 
Au15,14, 15 Au18-20,16-18 Au22-25,19-21 Au29,21 Au36,22 Au38-40,23, 24 Au55,25, 26 
Au67,27 Au102,28 Au144,29, 30 and Au18731) have been successfully prepared, 
which offered a perfect platform to thoroughly investigate their fundamental 
issues such as size and structure effects, ligand roles, and various 
physicochemical properties (e.g., surface, optical, magnetic, and catalytic) of 
Au NCs, and to exploit their potential applications in environment,9 energy,32 
catalysis,33 and human health.8, 34 The great advances in both fundamental and 
applied studies can be reflected by the exponential increase of relevant 
literatures in the field of Au NCs.7, 8, 35, 36 However, the corresponding 
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situation does not occur in its Ag counterpart. There are several possible 
reasons, such as the difficulty in the synthesis of Ag NCs, the instability of the 
as-synthesized Ag NC product (e.g., susceptible oxidation of metallic Ag), and 
the lack of research models in the Ag NC field. Therefore, only very few Ag 
NC species such as Ag7-9 and Ag44 NCs have been successfully synthesized 
and detailed characterized; and such a research situation has severely limited 
the advances of Ag NCs in practical applications.37-42 There is therefore a 
pressing need in developing efficient synthetic strategies for  high-quality Ag 
NCs, especially for those featuring with good control of the NC composition 
(with atomic precision) and luminescence properties. 
Owing to their unique molecule-like properties, such as strong 
luminescence, intriguing cluster chemistry, and quantum size effects, 
ultrasmall noble metal NCs are gradually receiving acceptance in many 
applications in the fields like bioimaging,8, 43 sensing,44-46 biomedicine,47 
energy conversion,32 and catalysis.33 Among these newly explored 
applications, optical sensors for toxic metal ions and biomolecules detection, 
and antimicrobial agents for bacteria killing are of particular interest in the 
research community. In particular, among the newly developed toxic metal ion 
or biomolecule sensors, noble metal NP (e.g., Au and Ag)-based optical 
sensors are the most attractive because of their fast detection speed, simple 
construction, low cost, and good miniaturizability.48 However, the 
performance of current sensors is largely determined by the choice of those 
label molecules on the NP surface, which makes such sensor systems 
relatively complicated as well as less practical for some routine monitoring. 
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Therefore, development of a label-free NP-based sensor for toxic metal ion or 
biomolecule detection is of highly interest in the research community. 
On the other hand, using Ag nanomaterials as antimicrobial agents is 
another motivation for the biomedical applications of ultrasmall Ag NCs. 
Silver has been historically recognized as efficient antimicrobials over a large 
spectrum of microorganisms.45 Following the fast development of 
nanotechnology, Ag NPs with a typical core size of 5-100 nm have been 
recently applied for bacterial killing, which showed an improved bactericidal 
activity compared with their bulk counterparts, owing to their high surface to 
volume ratio.49, 50 Therefore, ultrasmall Ag NCs featuring with even higher 
surface to volume ratios are expected to have better antimicrobial activity. In 
addition, while the working principles on the antimicrobial process of large Ag 
NPs have been recently resolved, the killing process in the NC systems could 
be totally different, and the understanding of working principles in the Ag NC 
systems is presently unavailable, possibly due to the higher difficulty in their 
synthesis and a newer discovery such Ag NCs when compared to Ag NPs. 
To exactly address these issues, one pivotal step is the development of 
facile and efficient synthesis strategies for the preparation of highly 
luminescent and atomically precise Ag NCs with quantities large enough for 
fundamental and applied research. A high-quality Ag NC species may 
facilitate the investigations on the properties of Ag NCs, such as the 
relationship of size-, oxidation state-, and surface-optical properties, as well as 
the explorations of their applications in many fields like sensor development 
(e.g., detection of toxic metal ions and biomolecules) and antimicrobial agent 
development.   
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1.2 Research Objectives 
This Ph.D study is aimed to develop simple and efficient approaches for 
the synthesis of highly luminescent and monodisperse Ag NCs, and explore 
the applications of the as-synthesized Ag NCs in sensor development for the 
detection of toxic metal ions and biomolecules, as well as antimicrobial agent 
development. The specific objectives of this thesis are listed as follows: 
1. Develop a simple and generic method to synthesize water-soluble, 
highly luminescent, and monodisperse Ag NCs. In view of the instability 
of Ag NCs, we will try to play with the size-focusing or thiol-etching 
environment to prepare luminescent and/or monodisperse Ag NCs with 
good stability. This method may be applicable for the synthesis of other 
noble metal NCs. 
2. Demonstrate the applications of the as-synthesized luminescent Ag 
NCs in the detection of toxic metal ions such as Hg2+ in aqueous 
environment. The as-designed ion sensor should feature with rapid 
detection rate, high selectivity and sensitivity, and simple construction 
and operation. 
3. Develop a facile and green synthetic protocol to synthesize highly 
luminescent and/or monodisperse Ag NCs protected by biocompatible 
surface ligands. The precursors of Ag NCs, Ag(I)-thiolate complexes will 
be delicately modified to result in a mild reduction for the formation of 
high-quality Ag NCs with strong luminescence and good monodispersity. 




4. Investigate the antimicrobial activity of the Ag NCs prepared by the 
synthetic strategy developed in objective 3; and understand the underlying 
antimicrobial mechanism of the as-prepared Ag NCs. 
5. Use the as-synthesized Ag NCs to detect biomolecules such as cysteine 
(Cys) — an important biomarker in biological settings. This Ag NC-based 
biomolecular sensor should be able to differentiate the analyte, Cys, from 
other interference molecules, such as another popular biothiol, glutathione 
or GSH.  
This Ph.D study opens a new window for the design of novel and highly 
efficient synthetic strategies for high-quality noble metal NCs and may largely 
enrich the family of Ag NCs. The as-synthesized Ag NCs also provide an ideal 
platform to investigate their physicochemical properties (e.g., the relationship 
of size-, structure-, and surface-optical properties). We hope this study and the 
knowledge generated from our experimental findings can significantly 
advance the synthetic strategies for Ag NCs, and also enlighten the design of 
new Ag NC-based optical sensors and antimicrobial agents. It should be 
mentioned that this project will only focus on one type of Ag NCs, which are 
Ag NCs protected by thiolate ligands (e.g., mono-layer ligand protected NCs). 
Ag NCs protected by other types of ligands, such as DNA and polymers will 
not be covered in this study, since such ligands could have distinctively 
different interactions with metallic Ag (e.g., non-mono-layer ligand protected 
NCs). Moreover, the applications of Ag NCs in other fields like catalysis will 
be also out of the scope of this PhD thesis. 
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1.3 Thesis Outline 
This thesis consists of eight chapters. Chapter 1 describes the general 
research background, the project objectives, and the thesis outline. Chapter 2 
presents a detailed literature review for current development of the synthesis 
strategies for noble metal NCs, as well as the NC-based sensors and the Ag-
based antimicrobial agents. Chapter 3 introduces a facile and generic synthesis 
method for the preparation of luminescent and/or monodisperse Ag NCs. 
Chapters 4 is focusing on the design of an optical sensor for label-free 
detection of Hg2+ ions based on the metallophilic Hg2+(d10)-Ag+(d10) 
interaction. Chapter 5 discusses a novel and green synthetic strategy for the 
preparation of luminescent and/or monodisperse Ag NCs, as well as their 
antimicrobial property. Chapter 6 further investigates the antimicrobial 
activity of the as-prepared Ag NCs over both gram-negative and gram-positive 
bacteria, followed by the understanding of the underlying antimicrobial 
mechanism. Chapter 7 demonstrates a simple biomolecular sensor for Cys 
detection by integrating both the unique thiol-Ag interaction and the steric 
hindrance of ligand layer of Ag NCs. Chapter 8 provides the conclusions and 







 LITERATURE REVIEW 
This chapter provides an up-to-date survey of researches relevant to this 
project, and is divided into three sections. The first section summarizes recent 
advances in the synthesis of monodisperse/luminescent Au/Ag NCs, with an 
emphasis on the underlying principles that can affect the size and 
luminescence properties of the NCs. This is followed by an overview of the 
development of NC-based sensors and their working mechanisms. The chapter 
ends with an account of current progress of Ag nanomaterials in antimicrobial 
application.    
2.1 Synthesis of Monodisperse/Luminescent Au/Ag NCs 
In the last two decades, increasing interest in solution-phase synthesis of 
thiolate-protected Au NCs has been evoked by the seminal work of Brust et al. 
in 1994.51 In a typical Brust synthesis, a Au(III) salt (e.g., HAuCl4) in aqueous 
solution is first transferred to organic phase by a phase-transfer agent such as 
tetraoctylammonium bromide (TOAB), followed by the reduction of Au(III) to 
Au(I) by a hydrophobic thiolate ligand (e.g., dodecanethiol or DDT). The 
thiolate ligands will then interact strongly with Au(I) to form strong Au(I)-S 
bonds, resulting in polymeric Au(I)-thiolate or Au(I)-SR complexes in organic 
phase. The as-formed polymeric Au(I)-SR complexes are then reduced by a 
strong reducing agent (e.g., NaBH4) via a reductive decomposition process, 
leading to the formation of small thiolate-protected Au NPs with core sizes of 
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2–2.5 nm. In brief, two primary reactions are involved in the Brust method for 
Au NP synthesis:  
Reduction of Au(III) to form Au(I)-SR complexes:  
Au(III) + H-SR  Au(I)-SR complexes     (2.1) 
Reductive decomposition of Au(I)-SR complexes to form Au NCs:  
Au(I)-SR complexes + n e-  Aun(SR)m     (2.2) 
The particle size in the Brust method can be further reduced to the sub-2-
nm size regime. One effective way is to increase the ratio of protecting ligands 
(thiolate) to metals (e.g., Au) or the thiol-to-Au ratio (R[SR]/[Au]). For example, 
in a pioneer work of Whetten et al., the size of Au NPs was reduced to ~1.5 
nm by increasing R[SR]/[Au] to 2 (this value was 1 in the original Brust 
method).52 Laser-desorption-ionization mass spectrometry (LDI-MS) was then 
used to characterize the size of as-synthesized Au NPs, indicating that the Au 
NPs had a distinct core mass of 28 kDa (in the form of AunSm due to the 
cleavage of the S-C bonds during the ionization process).53, 54 This Au NP 
species has been further confirmed to be Au144 NCs.54-57 Further increasing the 
R[SR]/[Au] to 3 reduced the particle size to 1.1–1.9 nm.58 Similarly, Murray 
group has synthesized Au NCs of ~1.5 nm via a modified Brust method by 
varying the R[SR]/[Au].59 
Some early studies also revealed that the stability of thiolate-protected 
Au/Ag NCs in solution is largely dependent on the cluster size, where Au/Ag 
NCs with specific particle sizes show better chemical stability than Au/Ag 
NCs with other sizes. For example, Whetten group obtained stable Au NCs in 
organic phase in the size range of 1.1–1.9 nm by using a solubility-based 
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fractionation and liquid-gravity column chromatography.58 Interestingly, they 
observed that Au NCs with discrete core masses (or sizes, in the form of 
AunSm) of 8, 14, 22, 29, and 38 kDa were remarkably abundant in the NC 
solution (Figure 2.1a). This observation suggests that Au NCs with the above 
core sizes show superior stability over Au NCs with other core sizes. In 2005, 
Tsukuda group obtained another important series of stable thiolate-protected 
Au NCs in water.21 The authors used polyacrylamide gel electrophoresis 
(PAGE) to separate Au NCs with different sizes in water; these Au NCs were 
protected by a tripeptide glutathione or GSH, and can be denoted as Aun(SG)m, 
where SG represents the GSH ligand. Nine distinct bands were obtained in the 
PAGE gel, and their molecular formula were determined to be Au10(SG)10, 
Au15(SG)13, Au18(SG)14, Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20, 
Au33(SG)22, and Au39(SG)24 by electrospray ionization mass spectrometry 
(ESI-MS) (Figure 2.1b). These Au NCs constitute a series of cluster sizes that 
show relatively high stability in solution. Further studies have shown that the 
stability of these Au NCs is highly size-dependent. For example, some Au 
NCs, such as Au15 and Au18 NCs, showed relatively poor stability in solution, 
and they were considered as kinetic trapping products. Others, such as Au25,60-
64 Au38,53, 65, 66  and Au14429, 30 NCs, were ultrastable in solution even under 
harsh conditions such as in the presence of excess thiolate ligands. Such Au 
NCs were treated as thermodynamically stable products. The stability of 
thiolate-protected Au NCs could be attributed to the electronic factor (or 
“superatom electronic theory”) and/or the geometric factor.31, 62, 64, 67 We will 
discuss this in more details in subsection 2.1.2. Similar phenomenon was also 




Figure 2.1 (a) Low-resolution LDI-MS spectra of thiolate-protected Au NCs 
(organic phase) with discrete core masses of 8 kDa (1), 14 kDa (2), 22 kDa (3), 
29 kDa (4), 38 kDa (5), and crude product (6). Reproduced with permission.58 
Copyright 1997, American Chemical Society. (b) Low-resolution (left) and 
high-resolution (right) ESI-MS spectra of Aun(SG)m NCs (water phase) with 
discrete sizes of n-m = 10-10 (1), 15-13 (2), 18-14 (3), 22-16 (4), 22-17 (5), 
25-18 (6), 29-20 (7), 33-22 (8), and 39-24 (9). Reproduced with permission.21 
Copyright 2005, American Chemical Society. 
 
Besides the ultrasmall size feature (<2 nm), a good size monodispersity is 
another requirement for high-quality thiolate-protected Au NCs. The 
discussion above indicates that Au NCs of different sizes may show similar 
chemical stability in solution, and therefore the Brust-like methods often 
produced polydisperse Au NCs. High-resolution separation techniques are 
required to obtain Au NCs with a specific size (with atomic precision). For 
example, solubility-based fractionation,28, 56, 58 liquid chromatography,25, 26, 69 
and PAGE,21, 70-73 have been successfully applied to isolate monodisperse 
Aun(SR)m with n = 10, 15, 18, 22, 25, 29, 38,21 40,69, 74 55,26, 75 67,27 102,28 
130,31 144,56, 58 and 187.31 However, the practical applications of these 
analytical separation techniques for the production of monodisperse Au NCs 
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are limited by tedious separation processes involved and small production 
scale (often in several to tens of micrograms, and it is also difficult to scale up). 
From the large-scale production perspective, the direct synthesis of 
monodisperse Au/Ag NCs is attractive, which could also show higher 
efficiency or yield for Au/Ag NCs with a specific size. This has led to the 
development of a number of direct synthesis methods for monodisperse Au 
NCs in both organic and aqueous solutions. In contrast to the separation 
techniques, where the size-selection of the NCs is achieved by a physical 
separation, in the direct synthesis methods, the atomic precision control of the 
NCs is realized by a chemical selection. In particular, Au/Ag NCs with 
extraordinary stability in solution could be synthesized thermodynamically in 
a relatively harsh reaction environment, whereas those metastable NCs (less 
stable than the thermodynamically stable NCs) could be kinetically trapped 
during the synthesis in a mild and well-controlled reaction environment. 
Besides ultrasmall size and good monodispersity (atomic precision), 
luminescence is another interesting feature of thiolate-protected Au/Ag NCs. 
Similar to the direct synthesis of monodisperse Au/Ag NCs, luminescent 
Au/Ag NCs could also be synthesized by manipulating either the 
thermodynamic or kinetic factor during the NC synthesis. In general, there are 
three types of precursors that can be used to produce monodisperse or 
luminescent Au/Ag NCs. They are Au(I)/Ag(I)-thiolate or Au(I)/Ag(I)-SR 
complexes, polydisperse Au/Ag NCs, and large Au/Ag NPs (>2 nm). On this 
basis, the synthesis methods for monodisperse or luminescent Au/Ag NCs can 
mainly be divided into two categories: 1) reductive decomposition of the 
Au(I)/Ag(I)-SR complexes by a particular chemical reductant, 2) etching of 
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polydisperse Au/Ag NCs or large Au/Ag NPs by thiolate ligands. Please see 
the subsections below for more details. 
2.1.1 Reductive Decomposition of the Au(I)/Ag(I)-SR Complexes 
There are two strategies that can be used for the synthesis of 
monodisperse/luminescent Au/Ag NCs within the system of reductive 
decomposition of Au(I)/Ag(I)-SR complexes. The first strategy is the 
modification of Au(I)/Ag(I)-SR complexes by tailoring their size or structures 
prior to the reduction. The second strategy is the control of reductive 
decomposition kinetics. Such two strategies will be summarized as follows. 
(a) Tailoring the Size of Au(I)/Ag(I)-SR Complexes 
Au(I)-SR complexes are typically prepared by mixing a Au(III) salt (e.g., 
HAuCl4) with thiolate ligands, as illustrated in Equation 2.1. There are two 
common approaches to control the size of as-formed Au(I)-SR complexes. 
The first one is the kinetic method. In a typical kinetic method, a well-
controlled reaction environment is created to kinetically trap Au(I)-SR 
complexes during their formation, where the as-formed complexes may not be 
the most stable species (or thermodynamically stable species) in the reaction 
solution. A slow reduction to convert Au(III) to Au(I) is generally preferred 
for the formation of Au(I)-SR complexes with a narrow size distribution. 
Thermodynamic method is the second approach to control the size of Au(I)-
SR complexes. Different from the kinetic trapping of Au(I)-SR complexes, in 
a typical thermodynamic method, only the most stable Au(I)-SR complexes 
are preserved in the solution, and other less stable (or metastable) complex 




Figure 2.2 (a) Schematic illustration of the synthesis of Au25(SR)18 NCs via 
kinetically controlling the size of Au(I)-SR complexes. (b) Dynamic light 
scattering (DLS) spectra of Au(I)-SR complexes formed at 273 K (top) and 
room temperature (bottom); and (c) The corresponding UV-vis absorption 
spectra of the Au NCs synthesized by the NaBH4 reduction of the Au(I)-SR 
complexes. Reproduced with permission.20 Copyright 2008, American 
Chemical Society. 
 
For example, Zhu et al. developed an efficient way to control the size of 
Au(I)-SR complexes by manipulating the kinetics of their formation (Figure 
2.2a), where a particular aggregation state (or size) of the polymeric Au(I)-SR 
complexes was achieved by carefully controlling the reaction temperature (0 
oC) and the extent of stirring (slow, ~30 rpm).20 The as-formed polymeric 
Au(I)-SR complexes had a narrow size distribution of 100–400 nm (Figure 
2.2b, top panel), which, upon the reductive decomposition, led to the 
formation of Au25 NCs at a good yield. The as-synthesized Au25 NCs showed 
a well-defined UV-vis absorption spectrum characteristic to that of thiolate-
protected Au25 NCs (Figure 2.2c, top panel). By comparison, the Au(I)-SR 
complexes prepared at room temperature showed a broad size distribution (e.g., 
<2 nm, 100–400 nm, and >1 μm, Figure 2.2b, bottom panel), and upon the 
reductive decomposition, they were converted to polydisperse Au NCs. These 
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Au NCs showed a featureless UV-vis absorption spectrum (Figure 2.2c, down 
panel), reflecting their polydisperse feature. 
 In principle, the strategy of tailoring the size of Au(I)/Ag(I)-SR 
complexes can also be extended to the synthesis of Ag NCs. The 
corresponding study in the synthesis of monodisperse/luminescent Ag NCs by 
controlling the size of Ag(I)-SR complexes, is however not reported, and it 
will be one target of this Ph.D study.  
(b) Tailoring the Reductive Decomposition Kinetics 
The reductive decomposition process convert Au(I)/Ag(I)-SR complexes 
to Au/Ag NCs, which could be engineered as such to control the size, 
monodispersity, and luminescence of thiolate-protected Au/Ag NCs. 
Delivering a mild reducing power is a major approach to tailor the reductive 
decomposition kinetics, which can be realized by either modifying the 
reducing agents with strong reducing ability, or direct utilizing a mild reducing 
agent (e.g., carbon monoxide). 
In the Brust-like methods, a strong reducing agent NaBH4 was commonly 
used in the reductive decomposition process for the synthesis of thiolate-
protected Au NCs. The strong reducing power of NaBH4 and the fast 
reduction kinetics often lead to the formation of Au NCs with a broad size 
distribution because the newly-formed Au NCs have insufficient time for 
ripening or size-focusing. The monodispersity of as-synthesized Au NCs can 
be improved through decreasing the reducing power of the reducing agents, 
which could not only benefit the subsequent size-focusing of the newly-
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formed NCs but also facilitate the kinetic trapping of NCs with metastable 
sizes. 
Modification of the reducing agents for a mild reducing power. A mild 
reducing power could be achieved with strong reducing agents (e.g., NaBH4) 
by decreasing their concentration (or reductant-to-Au ratio), limiting their 
diffusion, or inhibiting their reactivity. For example, Zhu et al. achieved a 
slow reduction of Au(I)-SR complexes by reducing the amount of NaBH4 to 1 
equivalent (relative to Au).76 This value was 10 in the common Brust-like 
methods. The mild reduction kinetics in a low concentration of NaBH4 led to 
the formation of atomically precise Au24(SR)20 NCs. This is in stark contrast 
to the use of a larger amount of NaBH4 (10 equivalent relative to Au), where a 
thermodynamically stable Au25(SR)18 was formed. 
 
Figure 2.3 Schematic illustration (I-IV) of the synthesis of Ag9(SR)7 NCs via 
the solid-state approach, and the PAGE result (V), UV-vis absorption spectra 
(VI), luminescence spectra (VII) and TEM image (VIII) of as-synthesized 
Ag9(SR)7 NCs. Reproduced with permission.39 Copyright 2010, American 
Chemical Society. 
 
The reducing power of NaBH4 can also be controlled by limiting its 
diffusion. For example, Rao et al. developed a solid-state synthetic strategy to 
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produce Ag9(SR)7 NCs (Figure 2.3).39 The authors first prepared Ag(I)-SR 
complexes [H-SR = mercaptosuccinic acid (MSA)] by grinding a solid 
mixture of AgNO3 and MSA. The as-formed Ag(I)-SR complexes were then 
crashed with 5 equivalent of solid NaBH4 (relative to Ag), leading to the 
formation of a brownish black powder. Water-extraction of such brownish 
black powder finally formed Ag9(SR)7 NCs (Figure 2.3). The authors 
attributed the successful preparation of Ag9(SR)7 NCs to the slow reduction 
kinetics made possible by the unique solid-state strategy. 
The reactivity of NaBH4 is also dependent on the solvent conditions. For 
example, Bakr et al. used a mixed solvent of water and N, N-
dimethylformamide (DMF) to control the reactivity of NaBH4 for the 
synthesis of Ag NCs protected by 4-fluorothiophenolate (4-FTP).77 They 
found that, when the ratio of DMF-to-water was high (7:1), the reactivity of 
NaBH4 was low and a mild reduction environment was created, resulting in 
the formation of Ag44(SR)30. The crystal structure of Ag44(SR)30 has recently 
been identified.41, 42 Another good example is reported by Wu et al., who used 
ethanol to suppress the reactivity of NaBH4 and have successfully synthesized 
Ag7(SR)4 NCs [H-SR = 2,3-dimercaptosuccinic acid (DMSA)].38  
Choosing mild reducing agents for a mild reducing power. A number of 
mild reducing agents have been successfully applied to synthesize thiolate-
protected Au/Ag NCs. Some good examples are borane-based reducing agents, 
and reductive gases [e.g., carbon monoxide (CO)]. The mild reducing agents 
can slow down the reductive decomposition kinetics and also facilitate the 
kinetic trapping of NCs with metastable sizes. 
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In organic synthesis, borane-based reducing agents with various reducing 
power and selectivities have been extensively exploited.78-86 Recently, some of 
them [e.g., borane-tert-butylamine complexes (TBAB) and sodium 
cyanoborohydride (NaBH3CN)] are also used to synthesize thiolate-protected 
Au/Ag NCs. As compared with NaBH4, these borane-based reducing agents 
have weaker reducing power, and could provide better control for the NC 
synthesis. For example, Wu et al. used TBAB as the reducing agent and have 
successfully synthesized Au19(SR)13 NCs.17 TBAB was also used by other 
researchers. Examples include the synthesis of biicosahedral Au25 NCs 
protected by mixed ligands (phosphine and thiolate ligands)87 and two 
ultrasmall Au15(SG)13 and Au18(SG)14 NCs.14 Besides TBAB, NaBH3CN has 
also been used to synthesize Au18(SG)14 NCs.16 
Reductive gases, such as carbon monoxide CO, have recently emerged as 
a new class of promising reducing agents for the synthesis of monodisperse 
Au NCs. Besides the mild reducing capability, CO also shows unique 
coordination and catalysis features for Au. These features can help create a 
well-controlled growth process for Au NCs. In particular, CO can help 
stabilize the growing Au(0) core by its strong coordination with Au(0). In 
addition, the freshly-formed Au(0) surface can also catalyze the oxidation of 
CO, generating electrons on the Au(0) surface which will be taken by the Au(I) 
and resulting in the in situ deposition of Au atoms on the Au(0) surface. Taken 
together of these effects, a unique reaction environment and a well-controlled 
growth process for Au NCs will be achieved in the CO-reduction system, 
which lead to the formation of monodisperse Au NCs. Yu et al. first developed 
this CO-reduction method and have successfully synthesized high purity Au10-
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12(SR)10-12, Au15(SR)13, Au18(SR)14, and Au25(SR)18 NCs (Figure 2.4).88, 89 The 
size-selection synthesis of Au NCs was made possible by a pH-dependent 
reduction kinetics control.88 Large-scale production (gram scale) can also be 
achieved by using CO-reduction method. Another attractive feature of the CO-
reduction method is that the slow reduction process in the presence of CO can 
be used to monitor the formation process of Au NCs because the slow and 
well-controlled reduction kinetics allows the isolation and characterization 
(e.g., via time-course UV-vis spectroscopy and mass spectrometry) of key NC 
intermediates in the formation of monodisperse Au NCs, which is, however, 
impossible to be achieved in a fast NaBH4-reduction process.89 
 
Figure 2.4 UV−vis absorption (top row) and ESI-MS (bottom row) spectra of 
(a) Au10−12, (b) Au15, (c) Au18, and (d) Au25 NCs prepared by the CO-reduction 
method. The insets show digital photos of the respective products (top row) 
and the corresponding isotope patterns (bottom row). Reproduced with 
permission.88 Copyright 2013, American Chemical Society. 
 
2.1.2 Thiol Etching of Polydisperse Au/Ag NCs and NPs 
Besides Au(I)/Ag(I)-SR complexes, polydisperse Au/Ag NCs and NPs 
can also be used as precursors to produce monodisperse Au/Ag NCs. Different 
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from the Au(I)/Ag(I)-SR complexes whose metal centers have a higher 
oxidative state than those in the NCs, polydisperse NCs/NPs have a 
comparable metallic core (e.g., in oxidation state) with the final NC product. 
Therefore, the conversion of polydisperse NCs/NPs to monodisperse 
counterparts is mainly achieved by size-focusing, which is typically assisted 
by thiolate ligands and can be referred to as thiol etching. In a typical thiol 
etching process, a mixture of different-sized NCs/NPs undergoes a size 
evolution and restructuring, which is assisted by the strong metal-thiolate 
interaction in the presence of excess thiolate ligands. Since different-sized 
NCs have different stability in the reaction solution, after the thiol etching, 
only the most stable NC species can be retained in the reaction solution. The 
thermodynamic factor dictates the thiol etching or size-focusing process, and 
has been widely used to synthesize monodisperse Au/Ag NCs.90 Experimental 
conditions, such as the reaction temperature, solvents, pH, and type and 
amount of reducing agents and thiolate ligands, have strong effects on the thiol 
etching process, and can be varied as such for the control synthesis of Au/Ag 
NCs. 
In this subsection, thiolate-protected Au NCs as precursors will be used as 
an example to illustrate the underlying chemistry for size-focusing, while 
Au/Ag NPs as precursors will be discussed later. The well-documented 
Au25(SR)18 is chosen to show the driving force of size-focusing. We will also 
discuss some critical factors that can help improve the practicality of the size-
focusing methods. 
(a) Size-Dependent Stability  the Driving Force for Size-Focusing  
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In a typical size-focusing process, polydisperse Au NCs with a broad size 
distribution are subjected to thiol etching, where only stable sizes are retained 
and less stable sizes are gradually decomposed or converted to more stable 
sizes (Figure 2.5). A number of experimental results revealed that Au NCs 
with some specific sizes, such as Au25(SR)18, Au38(SR)24, and Au144(SR)60, are 
more stable in solution against thiol etching than Au NCs with other sizes. 
 
Figure 2.5 Schematic illustration of the size-focusing of Au NCs in the 
presence of excess thiolate ligands. 
 
Au25(SR)18 NCs is one of the most stable NC species among a series of 
discrete-sized Au NCs. It was first identified as the most predominant species 
among a series of Aun(SG)m NCs isolated by PAGE.70, 71 Low-resolution mass 
spectrometric analysis based on MALDI-TOF and ESI-MS suggested that this 
NC species had a molecular weight of ~10.4 kDa.70 Subsequent studies using 
PAGE and ESI-MS determined its formula as Au25(SG)18 along with several 
other Au NC species [Aun(SG)m, n = 10-39] in a seminal work of Tsukuda 
group (see section 2.1 for more details).21 In a follow-up study, the stability of 
these Aun(SG)m NCs were evaluated in the presence of excess GSH at an 
elevated temperature (328 K).91 The UV-vis spectra of these Au NCs before 
and after the thiol etching were compared, and it was found that Au25(SG)18 
was the most stable Au NC species in solution. In contrast, Au NCs with core 
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sizes larger than Au25 were converted to Au25 NCs, while those Au NCs with 
core sizes smaller than Au25 were decomposed to Au(I)-SR complexes (Figure 
2.6a). 
 
Figure 2.6 (a) Digital photos of Aun(SG)m with (n, m) = (10, 10), (15, 13), (18, 
14), (22, 16), (22, 18), (29, 20), (33, 22), and (39, 24) before (0 h) and after (3 
h) the thiol etching process by using excess GSH at 328 K. Reproduced with 
permission.91 Copyright 2007, Wiley-VCH. (b) Time-course MALDI-TOF 
mass spectra of the reaction mixture in a one-pot synthesis of Au25(SR)18. 
Reproduced with permission.63 Copyright 2009, American Chemical Society. 
 
The ultrastable feature of Au25(SR)18 was also suggested by monitoring 
the size evolution of Aun(SR)m (H-SR = phenylethanethiol) in a prolonged 
aging process.63 The time-course MALDI-TOF mass spectra clearly showed 
that Au25(SR)18 NCs were more stable in the presence of excess thiolate 
ligands than Au NCs with other sizes (Figure 2.6b). The Au NCs formed at ~5 
min after the reductive decomposition of Au(I)-SR complexes showed a broad 
size distribution, including Au25, Au38, Au68, and Au102 species. During the 
aging process, the signals of Au38, Au68, and Au102 in the mass spectra 
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gradually diminished. A prolonged aging to 3 days led to a distinct signal from 
Au25 NCs in the mass spectrum, and other Au NCs larger than Au25 were 
converted to Au25 NCs or decomposed to Au(I)-SR complexes. 
(b)Tailoring the Thiol Etching Kinetics 
The thiol etching kinetics is a key factor that could affect the size-
focusing process. To synthesize Au NCs with ultrastable (or 
thermodynamically stable) sizes, increasing the thiol etching kinetics can 
achieve a higher reaction conversion and also shorten the reaction time. A 
faster etching kinetics could be realized by increasing the thiol-to-Au ratio 
and/or the reaction temperature. For example, a slightly higher thiol-to-Au 
ratio (5:1) in conjunction with an elevated reaction temperature (318 K) can 
improve the yield of Au25(SR)18 NCs and also shorten the synthesis time to ~2 
h.61 The presence of oxygen may also increase the etching kinetics. For 
example, Parker et al. observed that oxygen can greatly improve the etching 
power of the thiolate ligands, and help produce Au25(SR)18 NCs in a higher 
yield (~50%).92 Qian et al. also found that the presence of oxygen can 
facilitate the elimination of unwanted side products (e.g., Au102) in the 
synthesis of Au144(SR)60 NCs.30 The etching kinetics could also be tailored by 
varying the accessibility of the Au NC precursors toward the thiolate ligands. 
For example, by forming an interface between the Au NC precursors and 
thiolate ligands, Muhammed et al. have successfully synthesized Au23 and 
Au33 from Au25(SG)18 NCs.19  
Besides Au(I)/Ag(I)-SR complexes and polydisperse Au/Ag NCs, large 
Au/Ag NPs can also be used as precursors to synthesize monodisperse Au/Ag 
NCs. This process typically uses thiolate ligands to digest large NPs, which is 
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considered as a “top-down” approach.93 The introduction of excess thiolate 
ligands in conjunction with an input of extraneous energy (e.g., electron beam) 
can facilitate the etching process of large NPs. In this method, the selection 
and manipulation of the etchants and the NP precursors could directly affect 
the formation of monodisperse NCs. Therefore, these factors can be varied to 
control the NC synthesis. In addition, the etching environment (e.g., 
temperature, pH, and solvent) is also crucial for the synthesis of monodisperse 
or luminescent Au/Ag NCs. 
(c) Thermodynamic Selection of the Ultrastable NC Species  
A thermodynamic method typically produces the most thermodynamically 
stable NC species in the reaction solution, and the variations in the etching 
kinetics have negligible effects on the final NC product. This principle is 
generally used to synthesize ultrastable NCs. Since the precursors (large NPs) 
and product (small NCs) have large size difference, the increase of the etching 
kinetics is an efficient way to produce NCs. Elevated temperature and excess 
thiolate ligands are typically used to increase the etching kinetics. 
Temperature-Assisted Etching of the NP Precursors. In 2004, Jin et al. 
developed a facile method to synthesize Au NCs by etching large Au NPs with 
dodecylthiol (DDT).94 In this study, ~6 nm DDT-protected Au NPs were 
mixed with excess DDT and refluxed at 573 K, leading to the formation of 
Au3 NCs after 50 min. The as-synthesized Au3 NCs showed strong blue 
emission at 340 nm. The same strategy can be used to synthesize Ag and Pt 
NCs.95, 96 In general, a lower temperature was used in the etching of Ag NPs. 
For example, Dhanalakshmi et al. used 343 K and MSA to etch citrate-




Figure 2.7 Schematic illustration of two possible processes for the formation 
Au25(SG)18 NCs from large Au NP precursors. Reproduced with permission.97 
Copyright 2008, Tsinghua University Press and Springer-Verlag Berlin 
Heidelberg. 
 
pH-Assisted Etching of the NP Precursors. The solution pH can affect the 
etching capability of thiolate ligands and the size/structure of Au(I)-SR 
complexes, which could be varied as such to control the synthesis of Au NCs 
from the Au NP precursors. For example, by varying the solution pH, 
Muhammed et al. obtained two different-sized Au NCs: Au25 and Au8, from 
the same Au NP precursor, where 4-5 nm MSA-protected Au NPs were etched 
by excess GSH in aqueous solutions.97 Au25 NCs were formed when the thiol 
etching was performed at pH 2.7–3, whereas smaller Au8 NCs were formed 
when the solution pH was 7–8. The authors proposed two possible processes 
for the formation of Au NCs from Au NPs (Figure 2.7). One possible process 
is that during the thiol etching, Au atoms were first removed from the Au NP 
surface by free GSH to form Au(I)-SR complexes. These complexes were then 
aggregated to form Au25(SG)18 NCs. Another possible formation process is the 
direct etching of Au NPs to form Au25(SG)18 NCs. In this study, the authors 
also suggested that large and dense polymeric Au(I)-SR complexes were 
formed at low pH, leading to the formation of large Au25 NCs, whereas small 
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and loose complexes were formed at high pH, leading to the formation of 
small Au8 NCs. 
(d) Kinetic Trapping the Metastable NC Species 
Temperature- and pH-assisted thiol etching methods are effective in the 
synthesis of thermodynamically stable Au/Ag NCs from large Au/Ag NPs. 
However, they are less efficient in the synthesis of Au/Ag NCs with 
metastable sizes. Therefore a delicate control of the etching environment is 
required for a successful synthesis of metastable NCs. Several strategies have 
been developed to generate a mild etching environment for the NP precursors. 
Successful examples include decreasing the amount of etchants and 
constraining the etching reaction at the interface. 
 
Figure 2.8 (a) Schematic illustration of the interfacial etching method to 
synthesize luminescent Au NCs from Au NPs. (b) TEM images and digital 
photos under (c) normal light  and (d) UV light of the corresponding Au NPs 
and NCs. Reproduced with permission.99 Copyright 2009, American Chemical 
Society.  
 
Owing to the unique reaction environment at the interface of two phases, 
the interfacial etching can be readily used to synthesize Au/Ag NCs.99 An 
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additional advantage of the interfacial etching is that the resultant NCs will be 
spontaneously transferred to a single phase upon the interfacial etching, 
therefore inhibiting further etching of as-formed NCs. The interfacial etching 
is therefore a mild and well-controlled process, and has been successfully used 
to produce Au/Ag NCs from the small NP precursors (e.g., Au NPs with sizes 
below 8 nm and Ag NPs with sizes below 10 nm).98, 100 For example, Lin et al. 
used the interfacial etching method to synthesize luminescent Au NCs.98 They 
used lipoic acid in water to etch didodecyldimethylammonium bromide 
(DDAB)-protected Au NPs in toluene with sizes of ~3.17 nm, and produced 
red-emitting Au NCs. The synthesis process was illustrated in Figure 2.8. This 
method can also be used to synthesize luminescent Ag NCs.101 There are a 
number of other successful efforts in synthesizing luminescent Ag NCs via the 
interfacial etching.37, 102 
Considering the susceptible oxidation of Ag NCs, the direct conversion 
from different sized Ag NCs/NPs to Ag NCs in aqueous phase may be 
unachievable due to the violent etching, and tailoring the etching kinetics to be 
slower by changing the etching environment is a possible way for the 
formation of Ag NCs, which could provide some inspirations to develop 
another efficient synthetic approach for monodisperse/luminescent Ag NCs in 
this Ph.D study.   
2.2 Luminescence Properties of Metal NCs 
The luminescence properties of noble-metal NCs have been an attractive 
subject since early 2000s.103-106 The luminescence of Au/Ag NCs was initially 
considered as a consequence of discrete electronic transitions of the metal core 
owing to the strong quantum confinement of free electrons in the ultrasmall 
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NCs. For example, Zheng and co-workers have reported the synthesis of 
highly fluorescent Au NCs protected by dendrimers (or dendrimer-Au 
NCs).107 The as-synthesized dendrimer-Au NCs showed tunable fluorescence, 
and the emissions of these Au NCs were highly size-dependent, which were 
correlated using a simple jellium model analogous to that of the alkaline metal 
NCs in gas phase. The larger-sized Au NCs emit longer wavelengths (or lower 
emission energies) and show lower QYs. The luminescence lifetimes of this 
type of fluorescent NCs are typically short, ranging from picoseconds (ps) to 
nanoseconds (ns). In addition, as inferred from the jellium model, the ligand-
metal interaction does not influence the emission energy of the NCs. The 
origin of luminescence of some reported thiolate- and protein-protected metal 
NCs may be similar to that of the dendrimer-Au NCs, which is from the 
ultrasmall metal core via a fluorescence pathway involving only singlet 
excited states.37, 94, 108, 109 
Besides fluorescence, phosphorescence has also been observed in the 
thiolate-Au NCs, as suggested by some early studies.105, 110 Phosphorescence 
occurs when a singlet excited state undergoes an intersystem crossing to a 
triplet state and then returns to the ground state radiatively. Phosphorescence 
usually has a longer lifetime (from microseconds, µs, to longer) and a larger 
Stokes shift than those of fluorescence. Phosphorescent thiolate-Au NCs do 
not seem to follow the size-emission correlation predicted by the jellium 
model. For example, Negishi and co-workers successfully isolated thiolate-Au 
NCs of nine different sizes from Au10(SG)10 to Au39(SG)24.21 The major 
emission peaks of all nine Au NC species were at around 1.5 eV with no 
obvious trend, which is contrary to the prediction from the jellium model in 
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which larger-sized NCs should possess lower emission energies. However, 
this deviation could be understood by considering the significant effects of the 
thiolate ligand or thiolate-Au(I) complexes (on the NC surface) on the 
luminescence of the NCs. Wu and co-workers suggested that the ligand-to-
metal charge transfer (LMCT) on the NC surface could be crucial to the 
luminescence of the thiolate-Au NCs and that the electropositivity of the metal 
core and the electron-donating capability of the ligands could strongly 
influence the luminescence of thiolate-Au NCs.111 Interestingly, these thiolate-
Au NCs exhibited predominance of long lifetime components (~1 µs) and 
large Stokes shifts, implying that the phosphorescence pathway is predominant 
in these NCs. 
The phosphorescence of thiolate-Au NCs can be related to another 
extensively studied luminescent species the transition metal complexes [e.g., 
thiolate-Au(I) complexes], whose luminescence is typically dominated by 
phosphorescence.112 Hence, phosphorescence is commonly observed in the 
thiolate-Au(I) complexes. Luo et al. recently presented a detailed study on the 
linkage of the luminescence properties of the thiolate-Au(I) complexes and 
thiolate-Au NCs.113 They found that the oligomeric thiolate-Au(I) complexes 
could emit strong luminescence by the mechanism of aggregation-induced 
emission (AIE), and the intensity and color of the luminescence were 
dependent on the degree of aggregation. A unique type of highly luminescent 
thiolate-Au NCs were synthesized on the basis of this AIE discovery. Detailed 
characterizations confirmed that the luminescence of these thiolate-Au NCs 
was mainly phosphorescence, which was emitted by the oligomeric thiolate-
Au(I) complexes condensed on the NC surface. 
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The understanding of luminescence properties of the NCs is pivotal not 
only to the development of efficient synthetic methods for highly luminescent 
NCs but also to the construction of NC-based optical sensors. In addition to 
the origin of luminescence, the structure- and size-emission correlation, and 
the critical factors in QYs, other aspects of the luminescence of NCs, such as 
compositional and structural effects, lifetimes, and Stokes shifts, also need to 
be addressed in future studies. 
2.3 NC-Based Optical Sensors 
Highly luminescent Au/Ag NCs have been used to construct fluorescent 
sensors for a variety of chemical and biological analytes, including cations 
(e.g., Hg2+, Cu2+ and Ag+),45, 114-119 anions (e.g., CN- and S2-),46, 120 small 
organic molecules (e.g., glutaraldehyde and glucose),121, 122 and biomolecules 
(e.g., bio-thiols).109 To construct an efficient fluorescent sensor, two key 
components must be featured in the luminescent Au/Ag NCs: a recognition 
component to provide specific interaction with the analytes and a transducer 
component for signaling the occurrence of the interaction. The luminescence 
properties (e.g., emission intensity and wavelength) of the NCs are highly 
sensitive to the local environment as well as the size and structure of the NCs, 
which can provide an excellent response for signaling their interaction with 
the analytes. “Turn-off” and “turn-on” luminescence detection are two 
common schemes in the NC-based optical sensors.123 In a typical “turn-off” 
scheme, the luminescence of the NCs is quenched by the analytes due to the 
specific interaction between analytes and NCs (via the metal core or ligand 
shell), as illustrated in Figure 2.9a (the specific interaction between analytes 
and the ligand shell of the NCs is used as an example). In a typical “turn-on” 
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scheme, the luminescence of the NCs is initially annulled by an inhibitory 
agent [e.g., concanavalin A (Con A)124], as illustrated in Figure 2.9b; the 
addition of the analytes can selectively remove the inhibitors from the NCs, 
bringing back the luminescence of the NCs. The luminescence response 
(decrease or increase) after the addition of the analytes can be measured by the 
fluorescence spectrometer and correlated with the concentration of the 
analytes. 
 
Figure 2.9 Schematic illustration of (a) “turn-off” and (b) “turn-on” detection 
scheme.  
 
The recognition component is the other key component in the optical 
sensors based on luminescent Au/Ag NCs. This component dictates the 
selectivity and sensitivity of the sensor for an analyte. A typical luminescent 
Au/Ag NC consists of a metal core and a ligand shell. Both the metal core and 
ligand shell can have specific interaction with the analytes, and can therefore 
function as the recognition components. For example, the unique 
physicochemical properties of the metal core, such as the presence of Au(I) or 
Ag(I) species on the metal core surface and the catalytic properties for some 
reactions, provide rich chemistry for creating new recognition processes for 
the analytes.45, 125 Similarly, the ligand shell of the NCs can be tailored to 
contain some unique functional groups or other recognition moieties, which 
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can endow the NCs with an interesting set of chemistry for recognizing the 
analytes.114, 124 
In the this section, we will discuss the basic principles in the specific 
interaction between the luminescent Au/Ag NCs and analytes, which can 
generate luminescence signals for detecting the analytes. We can refer to these 
basic principles as signal-generation mechanisms, which determine the 
sensor performance in terms of selectivity and sensitivity. We can roughly 
classify the signal-generation mechanisms in the NC-based optical sensors 
according to the recognition components in the sensors. Both metal core and 
ligand shell of the NCs can serve as the recognition component for an analyte. 
Three primary interactions between the metal (Au/Ag) core and analytes have 
been reported: metallophilic interactions, analyte deposition on the metal core 
surface, and analyte-induced metal core decomposition. For the ligand shell, 
the analyte-induced NC aggregation, the enzymatic reaction, and the 
incorporation of recognition moieties via post-modifications are three primary 
strategies to achieve specific interaction between the luminescent NCs and the 
analytes for recognition and signal generation. For each signal-generation 
mechanism, we will present only some exemplary reports, rather than all the 
references in which the mechanism may apply, to illustrate the mechanism. 
2.3.1 Metal Core as the Recognition Component 
(a) Luminescence Quenching Based on the Metallophilic Interactions  
A very distinctive difference between the ultrasmall Au/Ag NCs and their 
larger counterparts (NPs >3 nm) is the presence of a high content of Au(I) or 
Ag(I) in the NCs. For example, the content of Au(I) in a large Au NP (>5 nm) 
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is typically <1%, but the content of Au(I) was ~17% in the BSA-Au NCs and 
~75% for the highly luminescent GSH-Au NCs.45, 113 Recently, this intrinsic 
feature of luminescent Au/Ag NCs has been utilized to develop high 
performance sensors for Hg2+ detection on the basis of the interesting and 
unique metallophilic interactions between Au+ or Ag+ and Hg2+. It is well 
known that a strong metallophilic bond could be formed between the d10 
centers of Hg2+ (5d10) and Au+ (5d10) due to the large dispersion forces 
between the closed-shell metal atoms, which are further magnified by 
relativistic effects.126 The formation of the metallophilic bond of Hg2+···Au+ or 
Hg2+···Ag+ can efficiently quench the luminescence of Au/Ag NCs, which can 
be used for Hg2+ detection. The signal-generation mechanism is illustrated in 
Figure 2.10. 
 
Figure 2.10 Schematic illustration of the signal-generation mechanism of 
luminescent Au NC probes for Hg2+ detection based on the luminescence 
quenching by the metallophilic Hg2+(5d10)···Au+(5d10) interactions. 
 
Xie and co-workers were the first to demonstrate this interesting 
recognition chemistry for Hg2+ detection using luminescent BSA-Au NCs.45 
The as-prepared red-emitting BSA-Au NCs contain ~17% of Au+ on the NC 
surface. Upon the addition of Hg2+ to the BSA-Au NCs, the red emission of 
the NCs was quenched within seconds due to the specific and strong 
metallophilic Hg2+···Au+ interactions (Figure 2.11a). The metallophilic 
interactions between the d10 centers of Hg2+ and Au+ have very high 
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specificity and affinity, which endows BSA-Au NCs a high selectivity (Figure 
2.11b) and sensitivity for Hg2+ detection. The luminescent BSA-Au NCs were 
also successfully used to construct an intracellular sensor for Hg2+ 
detection.127, 128 Other researchers have applied this signal-generation 
mechanism (luminescence quenching via the metallophilic interactions) to a 
number of other sensor constructions.128-130 For example, lysozyme-Au NCs 
that contain ~41% of Au+ showed excellent selectivity and sensitivity for Hg2+ 
and CH3Hg+ (another very toxic Hg species commonly found in 
environment).129 Luminescent thiolate-Au NCs showed similar efficacy for 
Hg2+ detection due to the Hg2+–Au+ metallophilic interactions.128  
 
Figure 2.11 (a) Photoemission spectra (λex = 470 nm) and digital photos 
(inset) under UV light (354 nm) of aqueous BSA-Au NCs (20 µM) solutions 
in the absence (Item 1) and presence (Item 2) of Hg2+ ions (50 µM). (b) 
Digital photos (under UV light) of BSA-Au NCs (20 µM in water) in the 
presence of 50 µM of various metal ions. Reproduced with permission.45 
Copyright 2009, Royal Society of Chemistry.  
 
A high QY of the NCs and a high content of active Au+ species on the NC 
surface are two key factors in dictating the selectivity and sensitivity of the 
sensor based on the Hg2+···Au+ metallophilic interactions. In principle, there is 
a metallophilic interaction between Ag+(4d10)and Hg2+(5d10), Ag NCs may 
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have larger proportion of active Ag+ species on the NC surface due to their 
susceptible oxidation, indicating Ag NCs may be a good candidate for Hg2+ 
ion detection based on the unique mechanism of metallophilic interaction 
induced luminescence quenching. However, no exploration in applying 
thiolate-protected Ag NCs for Hg2+ detection is yet reported. Synthesizing Ag 
NCs with high QYs and high content of active Ag+ species for highly selective 
and ultrasensitive detection of Hg2+ ions is of significant interest, which may 
offer a simple, fast, miniaturized yet cheaper sensor for routine monitoring of 
Hg2+ ions in aqueous environment.  
(b) Luminescence Enhancement Based on the Metal Deposition on the NC 
Surface 
The luminescence properties of Au/Ag NCs are highly dependent on the 
local environment, especially the surface properties (e.g., composition and 
oxidation state) of the metal core. A subtle change in the composition or 
oxidation state of the surface of metal core could lead to a distinct difference 
in the luminescence of NCs. Ag+ ions are known to have specific interaction 
with metallic Au NPs because of their similar electronic structure and atomic 
diameter.2 For example, small Au NPs are widely used as the seed for the 
growth of Ag NPs via the selective deposition of Ag atoms on the surface of 
Au NPs.2 The deposition of Ag on the surface of Au NCs can be readily used 
as the recognition chemistry for Ag+ detection, which can lead to a remarkable 
change in their luminescence (e.g., enhancement of luminescence intensity), as 
illustrated in Figure 2.12. This signal can be correlated to the concentration of 




Figure 2.12 Schematic illustration of the signal-generation mechanism of 
luminescent Au NC probes for Ag+ detection based on the luminescence 
enhancement by the deposition of Ag+ (or Ag0) on the NC surface. 
 
For example, Yue and co-workers have applied a weakly luminescent 
protein-Au NC (BSA-Au16 NCs) for Ag+ detection.118 A 3-fold luminescence 
enhancement was observed in the BSA-Au16 NCs upon the addition of Ag+. 
The luminescence enhancement was due to the deposition of Ag+ (or Ag0) on 
the Au16 NC surface, leading to the formation of Ag–Au alloy NCs, which 
could emit much stronger luminescence. Thiolate-Au NCs have the same 
feature. Wu and co-workers used a well-defined and studied GSH-Au25 NCs 
[or Au25(SG)18] for Ag+ detection and found the deposition of Ag+ (or Ag0) 
greatly increased the luminescence intensity of GSH-Au25 NCs.119 This 
sensing method showed good selectivity for Ag+ over other environmentally 
relevant metal ions as only Ag+ ions led to a distinct luminescence increase of 
GSH-Au25 NCs. The limit of detection (LOD) of this method was ~200 nM, 
which was lower than the maximum level of Ag+ in drinking water permitted 
by EPA (460 nM).119 The development of efficient Ag+ sensors is pivotal to 
monitoring the water quality in environment as well as to further 
understanding the possible risks or effects posed by the engineered Ag NPs on 
the ecosystem and human health. Engineered Ag NPs are the most 
commercialized nanomaterials (widely used as antimicrobial agents) and may 
enter our water system through both intentional and unintentional pathways.131 
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The luminescence enhancement via the deposition of metal species on the 
Au NC surface has been observed only in the Ag+ system. This recognition 
chemistry may be useful only for the detection of Ag+ and is therefore of 
limited utility for other analytes. Although this recognition chemistry or 
signal-generation mechanism has shown excellent selectivity and good 
sensitivity (e.g., ~200 nM) for Ag+, the size and structure of the as-formed 
Ag–Au alloy NCs after the addition of Ag+ to the Au NCs is currently 
unknown, which needs to be resolved in future studies. This fundamental 
understanding could shed some lights on the luminescence properties of Ag–
Au alloy NCs, and can further facilitate the development of more efficient Ag+ 
sensors based on the deposition-enhanced luminescence. 
(c) Luminescence Quenching Based on the Analyte-Induced Metal Core 
Decomposition 
Both experimental and theoretical studies suggested that the luminescence 
properties of Au/Ag NCs are highly dependent on their size and structure. A 
rich chemistry can be used to alter the size (via the aggregation or 
decomposition) and structure of the luminescent Au/Ag NCs. For example, 
thiolate,109 cyanide (CN-),46 and sulfide (S2-)120 are known to have strong 
coordination with Au and Ag atoms. Cyanide is commonly used in the 
metallurgical industry to leach Au from low-grade minerals by converting the 
Au atoms to a water-soluble cyanide-Au complex.132, 133 This process is 
termed as gold cyanidation or cyanidation leaching. As compared to cyanide, 
sulfide and thiolate have much weaker etching (or digesting) capability. This 
etching chemistry can be applied to develop efficient optical sensors for some 
etchants (e.g., thiolate, cyanide and sulfide) on the basis of the digestion or 
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decomposition of the luminescent Au/Ag NCs, which can lead to an efficient 
quenching of the luminescence, as illustrated in Figure 2.13. 
 
Figure 2.13 Schematic illustration of the signal-generation mechanism of 
luminescent metal NC probes for some small ligands (etchants, e.g., thiolate, 
cyanide and sulfide) detection based on the luminescence quenching by the 
analyte-induced metal core decomposition.  
 
For example, Chen and co-workers successfully fabricated highly 
luminescent lysozyme-protected Au8 NCs (or lysozyme-Au8 NCs) and applied 
them in the detection of the biothiol glutathione (GSH).109 Upon the addition 
of GSH to the blue-emitting lysozyme-Au8 NCs, the emission of the NCs was 
completely quenched. The luminescence quenching was attributed to the 
etching capability of the thiol group of GSH, which could interact with the Au 
atoms in the lysozyme-Au8 NCs by forming thiolate-Au(I) complexes and 
result in the decomposition of lysozyme-Au8 NCs.109 This detection method 
was simple and showed good selectivity for GSH over other biomolecules 
(e.g., natural amino acids) that did not contain thiol groups. However, the 
thiolate-Au interactions are not specific to a particular type of thiol-containing 
ligands; thus, this method could not differentiate the thiol group in GSH from 
that in other thiol-containing biomolecules (e.g., cysteine). The discrimination 
between different thiol-containing biomolecules may be achieved by using 
combinational detection principles (e.g., additional selectivity from NC’s 
ligand shell) of the NCs.  
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Cyanide has stronger digestive capability than that of thiolate ligands due 
to the unique and strong Elsner reaction between cyanide and Au, which leads 
to the formation of the ultrastable cyanide-Au(I) complex Au(CN)2-.46 This 
recognition chemistry has been widely used for digesting the Au core in Au 
NPs for various applications.134, 135 It can also be extended to ultrasmall Au 
NCs. For example, Liu and co-workers applied highly luminescent BSA-Au 
NCs for cyanide detection.46 The as-prepared BSA-Au NCs was deep brown 
in solution and emitted intense red luminescence under UV light. Upon the 
introduction of cyanide to the aqueous BSA-Au NC solution, the solution 
became colorless within 20 min, and the red emission was completely 
quenched.46 This method showed excellent selectivity of cyanide over other 
environmental relevant anions due to the specific and strong interaction 
between cyanide and Au atoms. It also showed good sensitivity for cyanide 
with a LOD of ~200 nM, which is ~14 times lower than the maximum level 
(2.7 µM) of cyanide in drinking water permitted by the World Health 
Organization (WHO). 
2.3.2 Ligand Shell as the Recognition Component 
(a) Luminescence Quenching Based on the Analyte-Induced NC 
Aggregation 
The ligand shell is the interface between the metal core of the NCs and 
the analytes, which could control many surface-related properties of the NCs. 
For instance, the functional groups embedded in the ligand shell of the NCs 
could provide rich chemistry for recognizing the analytes and then cause a 
distinct luminescence change of the NCs. One good example is the carboxyl 
group often found on the surface of luminescent Au/Ag NCs. The negatively 
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charged carboxyl groups on the NC surface can interact with some cations via 
electrostatic and coordination interactions to form inter- and/or intra-particle 
cross-links, which could induce the aggregation of NCs and result in 
luminescence quenching. This signal change can then be used to determine the 
concentration of the analytes (e.g., multivalent cations). The signal-generation 
mechanism via the analyte-induced NC aggregation is illustrated in Figure 
2.14.     
 
Figure 2.14 Schematic illustration of the signal-generation mechanism of 
luminescent metal NC probes for toxic ions (e.g., Hg2+, Pb2+ and Cd2+) 
detection based on the luminescence quenching by the ion-induced NC 
aggregation. 
 
For example, Huang and co-workers prepared highly luminescent Au NCs 
protected by the carboxyl-terminated thiolate ligand 11-mercaptoundecanoic 
acid (MUA).114 The as-prepared MUA-Au NCs showed strong green 
emission. Upon the addition of Hg2+ ions to the aqueous solution of MUA-Au 
NCs, the green emission was quenched within 10 minutes. The authors 
attributed the luminescence quenching of the MUA-Au NCs to the aggregation 
of the NCs, which was induced by Hg2+ via an ion-templated chelation 
process. However, this multivalent-cation-induced aggregation mechanism 
cannot differentiate Hg2+ from other multivalent cations, such as Pb2+ and 
Cd2+, whose binding capabilities with the carboxylic anions on the NC surface 
are similar to that of Hg2+. The addition of another chelating agent 2,6-
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pyridinedicarboxylic acid (PDCA) to the solutions could effectively mask the 
binding capability of Pb2+ and Cd2+, and improved the selectivity of the MUA-
Au NCs for Hg2+ detection. This recognition chemistry (multivalent-cation-
induced NC aggregation) was also used to detect other multivalent cations, 
such as Cu2+, Fe3+, and Pb2+.116, 136-138 
(b) Luminescence Quenching Based on the Enzymatic Reaction  
The ligand shell on the NC surface provides good protection for the NCs, 
and the change (in size or structure) of the ligand shell could destabilize the 
NCs in aqueous solution, which can lead to the aggregation of the NCs and a 
subsequent luminescence quenching (Figure 2.15). The quenching of the 
luminescence can then be correlated with the concentration of the analytes. 
This signal-generation mechanism has been recently applied in the 
development of biosensors for various analytes. For example, Wen and co-
workers successfully fabricated luminescent Au NCs protected by horseradish 
peroxidase (HRP).139 The most interesting finding was that the HRP enzymes 
on the NC surface were still active, and could catalyze the reduction of their 
substrate, hydrogen peroxide (H2O2). In addition, this catalytic reaction 
generated some reactive oxygen species (ROS) in the solution, and the ROS 
could break down the thiolate-Au bond between the HRP and Au core by 
oxidizing the thiolate to disulfide. Consequently, some HRP on the Au NC 
surface lost their protecting capability, which destabilized the NCs and 
induced their aggregation, leading to the luminescence quenching of the NCs. 
The luminescent HRP-Au NCs showed excellent selectivity for the enzyme 
substrate H2O2 over other bio-related molecules (e.g., glucose, ascorbic acid, 
and glutathione). The locations of the enzyme and substrate in the sensor 
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design could be reversed, with the substrates on the NC surface and the 
enzymes in solution. For example, Wang and co-workers successfully applied 
the luminescent BSA-Au NCs to detect proteases (enzymes that can catalyze 
the hydrolysis of peptide bonds of proteins).140 The as-prepared BSA-Au NCs 
showed strong red emission. After the addition of proteinase K to the BSA-Au 
NC solution, the red emission of the NCs was completely quenched in ~4 h. 
The luminescence quenching of the BSA-Au NCs was due to the catalytic 
degradation of BSA (protecting ligand on the NC surface) by the proteases, 
leading to the exposure of Au core to the dissolved O2, which can effectively 
quench the luminescence of Au NCs. The BSA-Au NCs showed good 
selectivity for proteases that can digest BSA. 
 
Figure 2.15 Schematic illustration of the signal-generation mechanism of 
luminescent metal NC probes for biomolecule detection based on the 
luminescence quenching induced by the enzymatic catalysis. 
 
The two interesting findings discussed above highlighted the importance 
of the ligand shell in the construction of the NC-based optical sensors. The 
ligand shell can serve as not only a stabilizer for the metal core but also an 
active enzyme (as in the HRP-Au NC system) or an active substrate (as in the 
BSA-Au NC system). A variety of other biomolecules (e.g., lysozyme, insulin, 
and transferrin) can serve as protecting ligands for highly luminescent Au/Ag 
NCs, which provides opportunities for advancing this type of luminescence 
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probes (biomolecule-protected Au/Ag NCs) for the construction of biosensors 
for a variety of analytes.   
(c) Incorporation of a Recognition Moiety via Post-Modifications  
The ligand shell of the NCs can be modified to incorporate a recognition 
moiety for an analyte. This is a fairly generic method and can be used to 
construct efficient luminescent sensors for a variety of analytes. For example, 
Huang and co-workers successfully fabricated highly luminescent thiolate-Au 
NCs (Man-Au NCs) using a mannose derivative (11-mercapto-3,6,9-
trioxaundecyl-α-D-mannopyranoside) and applied the NCs for the detection of 
a glycoprotein [the thyroid-cancer marker thyroglobulin (Tg)].124 The strong 
green emission of the as-prepared Man-Au NCs was initially quenched by the 
concanavalin A (Con A), which was the recognition moiety. The addition of 
the analytes Tg could remove the Con A from the NC surface because of the 
specific and strong interaction between Tg and Con A, thus increasing the 
luminescence (see the signal-generation mechanism in Figure 2.9b). This 
sensor showed high selectivity and sensitivity for Tg due to the specific and 
strong Tg–Con A interaction.  
The optical sensors constructed via the incorporation of recognition 
moieties by post-modifications use only the physical property (luminescence) 
of the NCs for signaling the binding event between the recognition moieties 
and the analytes. This could greatly improve the versatility of the NC-based 




2.4 Ag Nanomaterials for Antimicrobial Application 
The increasing of the infectious diseases caused by different pathogenic 
microorganisms and the growing concern regarding to the antibiotic-resistance, 
have motivated a great interest in the searching for new antimicrobial agents.49, 
50, 141, 142 Recently, Ag-based materials and antimicrobial biomolecules (e.g., 
bacteriolytic enzyme and cationic antimicrobial peptides (AMPs)) have 
received increasing attention due to their broad-spectrum activities and ability 
to combat drug-resistant microorganisms.49, 50, 141-143 Unlike antibiotics, Ag-
based materials and antimicrobial biomolecules appear to be immune to 
resistance.49, 50, 141-143  
The antimicrobial properties of Ag-based materials have been historically 
recognized and utilized in a wide range of applications from disinfecting 
medical devices and home appliances to water treatment.49 More recently, Ag 
in NP form has shown enhanced antimicrobial activity over previous Ag 
formulations.49 The high surface-to-volume ratio of NPs provides a substantial 
and sustained contact with the microorganism cells.49, 50 Numerous methods 
for the synthesis and incorporation of Ag NPs into biomedical devices are 
currently under investigation. It has been well-documented that 
physicochemical properties of Ag NPs play an important role in their 
antimicrobial activity.49, 50, 144  
Although Ag NPs have been extensively applied to bacterial killing, the 
mechanisms of their antimicrobial activity were long in dispute. There are 
three most common mechanisms proposed:145 (1) gradual dissociation of Ag+ 
ions from Ag NPs disrupts the production of adenosinetriphosphate and 
replication of DNA; (2) Ag NPs could directly interact with the cell membrane, 
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and cause the damage of cell membranes; (3) Ag NPs as well as Ag+ ions 
could induce the generation of reactive oxygen species (ROS). 
The first antimicrobial mechanism is derived from some early studies that 
utilized Ag+ salts/complexes for the investigation of antimicrobial activity of 
Ag+ ions.146-152 Those antimicrobial results of Ag+ salts/complexes revealed 
that Ag+ cations could bind to various negative-charged biomolecular 
components of proteins and nucleic acids, resulting in the structural changes 
and deformation of cell membranes and nucleic acids. This antimicrobial 
mechanism is plausible considering that Ag ions are capable to interact with a 
series of electron donor functional groups such as thiol, hydroxyl, amine, and 
phosphate. While Ag salts/complexes exhibited superior antimicrobial 
activities, their direct usage is, however, not advised due to some unwanted 
adverse effect of Ag+ ions caused by the wide interactions between Ag+ ions 
and other normal cells (e.g., mammalian cells).153, 154 Accordingly, researchers 
turned antimicrobial studies to Ag NPs. Several studies suggested that Ag NPs 
have the same antimicrobial mechanism as Ag+ ions (i.e., Ag ion dissociation 
directed bacterial killing). Particularly, Munstedt et al. did some experiments 
to confirm that the dissociation of Ag+ ions from Ag NPs is the cause of 
bacterial death, and found that the dissociation of Ag ions is influenced by the 
specific surface area of Ag NPs.155 
On the other hand, some other researchers proposed that the electrostatic 
interaction between positively charged Ag NPs and negatively charged 
bacterial cells enables the direct damage of bacterial cell walls by Ag NPs. For 
example, Sondi et al. investigated the antimicrobial activity of Ag NPs against 
gram-negative E. coli.156 By using scanning and transmission electron 
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microscopy to track the antimicrobial action of the Ag NPs, they found that 
Ag NPs could accumulate on the bacterial cell wall, which induced formation 
of many pits on the cell wall, leading to markedly increased permeability of 
the cell membrane and the bacterial apoptosis as a consequent. 
The third antimicrobial mechanism of Ag nanomaterials is that the 
generation of ROS by Ag NPs or ions could induce bactericidal effect. For 
example, Jeong et al. found that both yeast and E. coli could be effectively 
inhibited by Ag NPs. By using Electron spin resonance spectroscopy to 
monitor the level of free radicals, they claimed that the uncontrolled 
generation of free radicals from the surface of Ag NPs could attack the 
membrane lipids of bacteria and break down the membrane functions.157 
Although such three antimicrobial mechanisms have been proposed and 
supported by some evidences. However, whether the antimicrobial activity is 
originated from the Ag NPs or dissociated Ag+ ions was still debated. Until 
recently, Alvarez et al. unambiguously ruled out that the direct damage of cell 
membrane by intact Ag NPs is the cause for bactericidal activity, and clarified 
that the dissociation of Ag+ ions from Ag NPs is the definitive molecular 
toxicant.158 To preclude the Ag(0) oxidation and Ag+ ion dissociation, they 
synthesized Ag NPs and tested their antimicrobial activity for E. coli under 
stringently anaerobic conditions, and results showed that there was no toxicity 
of Ag NPs. This study is of great interest not only because it ascertained the 
antimicrobial mechanism of Ag NPs, but more importantly because it 
provided some principles (e.g., modulating Ag+ dissociation) in design high-
efficiency Ag-based antimicrobial agents.       	
In general, Ag NPs with smaller sizes have higher surface-to-volume ratio, 
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and acquire higher antimicrobial activity than their bulk counterpart due to the 
faster dissociation of Ag+ ions from Ag NPs. Therefore, subnanometer-sized 
Ag NCs should have much higher antimicrobial activity than that of nanoscale 
Ag particles (> 5 nm) generally used in previous research. To the best of our 
knowledge there has been no study to investigate the antimicrobial activity of 
subnanometer-sized Ag NCs. Development of highly efficient Ag NC 
antimicrobials will help to reduce possible side effects of Ag antimicrobials 
because a much lower dosage is needed to acquire similar antimicrobial 
activity as that of large Ag NPs. In addition, subnanometer-sized Ag NCs as a 
unique existence between Ag+ ions and larger Ag NPs, have uncertain 
antimicrobial behavior (e.g., prefer to follow the antimicrobial mechanism of 
Ag+ ions or follow that of Ag NPs). Understanding the antimicrobial 
mechanism of subnanometer-sized Ag NCs could further facilitate the design 
of high-efficiency Ag-based antimicrobial agents.   
In summary, previous studies have shown that there are two main 
synthetic methods for producing monodisperse/luminescent Au/Ag NCs: 
reductive decomposition of Au(I)/Ag(I)-thiolate complexes, and thiol etching 
of polydisperse Au/Ag NCs and large Au/Ag NPs. On the basis of the survey, 
we can conclude that it is possible to develop facile and efficient synthetic 
methods for the synthesis of water-soluble thiolate-protected 
monodisperse/luminescent Ag NCs through either tailoring the etching 
kinetics of different sized Ag NCs or engineering the sizes of Ag+-thiolate 
complexes. In addition, the successful acquisition of such 
monodisperse/luminescent Ag NCs would enable us to exploit several 
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applications in sensor development and antimicrobial agent to cater the 




SYNTHESIS OF HIGHLY LUMINESCENT METAL (Ag, Au, 
Pt, AND Cu) NANOCLUSTERS BY 
ELECTROSTATICALLY-INDUCED REVERSIBLE PHASE 
TRANSFER 
3.1 Introduction 
Noble metal NCs are defined as isolated particles less than 2 nm in size 
with a few to several hundred atoms.1, 2, 159 Particles in this size regime display 
discrete and size-tunable electronic transitions due to the strong quantum 
confinement of free electrons in the particles, thus leading to interesting 
molecule-like properties such as strong luminescence.90, 107, 160-166 Compared 
with common fluorophores such as organic dyes and semiconductor quantum 
dots (QDs) where practical deployment can be limited by relatively poor 
photostability (for organic fluorophores) or toxicity concerns (e.g., QDs), 
luminescent metal NCs are promising alternatives for the design of novel 
bioimaging probes because of their ultrafine size, excellent photostability, and 
low toxicity.107, 159, 163 There is therefore strong interest in the development of 
synthesis methods for highly luminescent metal NCs. This has led to the rapid 
expansion of reported procedures in the literature. 
There are two main strategies for preparing luminescent metal NCs. The 
first approach is the template-assisted synthesis. Here biomolecules (e.g., 
proteins161, 167, 168 and DNA169-172), dendrimers (e.g., poly(amidoamine) 
(PAMAM)),107, 173 and polymers (e.g., poly(methacrylic acid) (PMAA))163, 174-
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176 are used as a template to guide the formation of luminescent Au and/or Ag 
NCs. However, the as-synthesized metal NCs are embedded in the template 
molecules, leading to a relatively large hydrodynamic diameter (> 3 nm), 
which may affect their usability as a luminescent label for small molecules or 
few-nanometer sized biomolecules. The second approach relies on the use of 
specific capping agents, e.g., thiol ligands, which interact strongly with the 
noble metal surface to form ultrafine-sized metal NCs protected by a 
monolayer of thiol ligands.37-39, 77, 111, 177-181 Thiol-protected metal NCs have 
attractive features such as excellent stability, ultrasmall hydrodynamic 
diameters, and modifiable surface properties. Recent studies have shown that 
highly luminescent Au and Ag NCs can be synthesized via the etching of large 
metal nanoparticles (> 3 nm) by excess ligands.37, 44, 98, 177, 182 For example, 
Pradeep et al.28 developed an interfacial etching method where 
mercaptosuccinic acid (MSA)-protected large Ag nanoparticles (> 3 nm) in 
water were etched by excess MSA ligands in toluene to form luminescent Ag 
NCs. The product formed after 48 h of interfacial etching was a mixture of 
large Ag nanoparticles, and small blue- and red-emitting Ag NCs where 
further processing (e.g., electrophoresis) is needed to recover the luminescent 
Ag NCs in sufficient purity. Furthermore, insofar as thiol-protected metal NCs 
are concerned, although there are a few reports on the synthesis of luminescent 
Au NCs, the synthesis of Ag, Pt, and Cu analogues is even less attempted. To 
date, only luminescent Agn (n = 7-9) NCs protected by MSA ligands have 
been successfully synthesized.37, 39 It would be of great interest to develop a 
facile and scalable method to fabricate thiol-protected luminescent NCs of 
different metals, including Ag, Au, Pt, and Cu, to expand the repertoire of this 
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potential new class of bioimaging probes; and to investigate 
composition/structure-property relationships. 
In this chapter, we report a simple and versatile synthesis of highly 
luminescent Ag, Au, Pt, and Cu NCs based on a mild etching environment 
made possible by the electrostatically-induced phase transfer of thiol-protected 
metal NCs from an aqueous solution to an organic phase. Using Ag as our 
model metal, a simple and fast (total synthesis time < 3 h) phase transfer cycle 
(aqueous → organic (2 h-incubation) → aqueous) can process originally 
polydisperse, non-luminescent, and unstable Ag NCs into monodisperse, 
highly luminescent, and extremely stable Ag NCs in the same phase (aqueous) 
and protected by the same thiol ligand. Moreover, luminescent Ag NCs with 
different functional groups on their surface (e.g., carboxyl, hydroxyl, and 
amine) can be prepared by this phase transfer method using simple custom-
designed peptide ligands with the desired functionalities. Presented below are 
the details of this investigation. 
3.2 Experimental Section 
3.2.1 Materials 
Silver nitrate (AgNO3), sodium hydroxide, ethanol, and methanol from 
Merck; hexachloroplatinic acid hexahydrate (H2PtCl6), copper sulfate 
pentahydrate (CuSO4), L-glutathione reduced (GSH), sodium borohydride 
(NaBH4), cetyltrimethyl ammonium bromide (CTAB), decanoic acid (DA), 
dodecylamine (DDA), and tetramethylammonium hydroxide pentahydrate 
(TMAH) from Sigma-Aldrich; Peptides: Glu-Cys-Glu (ECE), Asp-Cys-Asp 
(DCD), Ser-Cys-Ser (SCS), Lys-Cys-Lys (KCK), and Glu-Ser-Gly (ESG) 
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from GL Biochem (Shanghai) Ltd.; hydrogen tetrachloroaurate(III) trihydrate 
(HAuCl4) from Alfa Aesar; toluene from Tedia; and chloroform from Fisher 
were used as received. Ultrapure Millipore water (18.2 MΩ) was used. All 
glassware was washed with aqua regia, and rinsed with ethanol and ultrapure 
water. 
3.2.2 Characterization 
UV-Vis and luminescence spectra were recorded on a Shimadzu UV-1800 
spectrometer and a PerkinElmer LS55 luminescence spectrometer, 
respectively. Transmission electron microscopy (TEM) images were taken on 
a JEOL JEM 2010 microscope operating at 200 kV. Scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were 
performed on a field emission scanning electron microscope (JEOL JSM-
7400F) operating at 25.0 kV. Luminescence lifetime was counted on a 
Picoquant FluoTime 300 Automated Luminescence Lifetime Spectrometer. X-
ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS 
UltraDLD spectrometer (Kratos Analytical Ltd). The efficiency of phase 
transfer was analyzed by inductively coupled plasma - mass spectroscopy 
(ICP-MS) on an Agilent 7500A. Thermogravimetric analysis (TGA) was 
measured on a Shimadzu TGA-60 analyzer under a N2 atmosphere (flow rate 
of 100 mL·min-1). Fourier transform infrared (FTIR) spectra were obtained on 
a Shimadzu IR Prestige-21 FTIR Spectrophotometer. 
3.2.3 Synthesis of the Original Metal NCs in the Aqueous Phase 
Aqueous stock solutions of metal precursors (AgNO3, HAuCl4, H2PtCl6, 
and CuSO4) with concentration of 20 mM and aqueous solutions of thiol 
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ligands (GSH and peptides (ECE, DCD, SCS, and KCK)) with concentration 
of 50 mM were prepared with ultrapure water. Aqueous NaBH4 solution with 
concentration of 112 mM was freshly prepared by dissolving 43 mg NaBH4 in 
8 mL of ultrapure water, followed by the addition of 2 mL of 1 M NaOH 
solution. The addition of a small amount of NaOH to NaBH4 solution helped 
to improve the stability of borohydride ions against hydrolysis.183 In a typical 
experiment to synthesize the original metal NCs in the aqueous phase, GSH 
solution (150 μL, 50 mM), NaBH4 solution (50 μL, 112 mM), and metal 
precursor solution (125 μL, 20 mM) were added sequentially to water (4.85 
mL) under vigorous stirring. The original metal NCs in aqueous solution were 
collected after 10 mins. The syntheses of the original Ag NCs protected by 
other peptide ligands (ECE, DCD, SCS, and KCK) were carried out under 
similar conditions except for the replacement of GSH by the other peptide 
ligands. 
3.2.4 Phase Transfer from Aqueous to Toluene 
CTAB in ethanol (5 mL, 100 mM) was introduced to the original metal 
NCs in aqueous solution (~5 mL), and the mixture was stirred for 20 seconds. 
Toluene (5 mL) and aqueous NaOH (15μL, 1 M) were then added sequentially, 
and stirring continued for one more minute. The addition of a small amount of 
NaOH is to enhance the interaction between cation CTA+ and anion carboxyl 
(COO-, from GSH), thus facilitating the phase transfer process. Metal NCs 
were completely transferred to the toluene phase within 5 minutes. Without 
stirring, the as-transferred metal NCs in toluene was incubated at room 
temperature for a certain period of time (2 h for Ag, and 24 h for Au, Pt, and 
Cu). Strong luminescent metal NCs can then be observed in the toluene phase. 
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3.2.5 Phase Transfer from Organic to Aqueous  
Hydrophobic tetramethylammonium decanoate (TMAD) was used to 
transfer the luminescent Ag NCs back to the aqueous phase. Stock methanolic 
TMAD solution was prepared by dissolving DA (1.7 g) and TMAH (1.8 g) to 
100 mL of methanol. In a typical phase transfer experiment, the luminescent 
Ag NCs in toluene (5 mL) were collected, followed by the sequential addition 
of chloroform (5 mL), water (5 mL), and TMAD (5 mL). The mixture was 
stirred for 1 min. The luminescent Ag NCs were then transferred back to the 
aqueous phase. 
3.3 Results and Discussion 
 
Figure 3.1 Schematic illustration of the process to generate highly 
luminescent metal NCs by a phase transfer cycle (aqueous → organic 
(incubation) → aqueous). 
 
The process for producing highly luminescent metal NCs is simple and 
involves two steps. As shown in Figure 3.1, the first step is the synthesis of 
thiol-protected metal NCs by the reductive decomposition of thiolate-metal 
intermediates (using sodium borohydride, NaBH4, as the reducing agent).2 
GSH, a common water-soluble thiol ligand, was selected as a model ligand. 
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No luminescence was detected for the as-prepared GSH-protected metal (Ag, 
Au, Pt, and Cu) NCs (insets of Figure 3.2, top item 2) in aqueous solution 
under UV illumination (365 nm). 
The second step is the transfer of the GSH-protected metal NCs to an 
organic phase (toluene or hexane) via the electrostatic interaction 
((CTA)+(COO)-) between negatively-charged carboxyl groups (GSH has two 
carboxyl groups) on the metal NC surface and the positively-charged cation of 
a hydrophobic salt - CTAB (Figure 3.1).184 This phase transfer occurs quickly 
upon mixing of the reagents. In our experiments a complete transfer of metal 
NCs from the aqueous phase to toluene was accomplished within 5 minutes. 
After incubation in toluene at room temperature for a fixed period of time (2 h 
for Ag and 24 h for Au, Pt, and Cu), strong luminescence was observed in the 
toluene phase (insets of Figure 3.2, bottom item 2). Ag and Au NCs in toluene 
emitted an intense red luminescence while Pt and Cu NCs showed strong blue 
luminescence. In comparison with the common ligand-exchange induced 
phase transfer methods where the original hydrophilic capping ligands on the 
nanoparticle surface are displaced by hydrophobic ligands (or vice versa) with 
stronger binding affinity;99 and for which disadvantages such as the need for 
excess replacement ligands, slow and incomplete ligand exchange, limited 
ligand choices, and possible changes in the nanoparticle structure (due to the 
strong interaction between the replacement ligands and the metal nanoparticle 
surface) are known;24, 99 phase transfer via electrostatic interactions is fast, 






Figure 3.2 Photoexcitation (dotted lines) and photoemission (solid lines) 
spectra of luminescent Ag (a), Au (b), Pt (c), and Cu (d) NCs in toluene. The 
excitation spectra were measured at λem = 660, 700, 435, and 438 nm for (a) to 
(d), respectively, and the emission spectra were measured at λex= 480, 540, 
380, and 378 nm for (a) to (d), respectively. The insets show the photographs 
of the original metal NCs in water (top panel), and the metal NCs in toluene 
(bottom panel) under visible light (item 1) and UV light of 365 nm (item 2). 
 
 
Figure 3.3 Representative TEM images and size histograms (insets) of the 
original non-luminescent Ag NCs in water (a), luminescent Ag NCs in toluene 
(b), the returned luminescent Ag NCs in water (c), Au (d), Pt (e), and Cu (f) 
NCs in toluene. The inset in (c) shows a STEM image of the returned Ag NCs. 
Chapter 3 
52 
Control experiments using only GSH, CTAB, NaBH4, and their mixtures, 
without the addition of metal ions did not show any luminescence, suggesting 
that the strong luminescence in toluene was due to the ultrafine-sized metal 
NCs. The emission peak of the as-synthesized luminescent Ag, Au, Pt, and Cu 
NCs in toluene was located at 660, 798, 410/436, and 412/438 nm, 
respectively (Figure 3.2). The QY was 6.5, 5.4, 4.6, and 3.5 % for luminescent 
Ag, Au, Pt, and Cu NCs, respectively (calibrated with rhodamine B for Ag and 
Au NCs, and with quinoline for Pt and Cu NCs). TEM images (Figure 3.3b 
and d-f) showed that the luminescent metal (Ag, Au, Pt, and Cu) NCs in 
toluene were all below 2 nm in size. To the best of our knowledge, this is 
perhaps the first successful attempt in developing a simple method which can 
synthesize luminescent NCs of four common metals (Ag, Au, Pt, and Cu). The 
synthetic protocol should also be applicable to bimetallic (e.g., AgAu and 
AgPt) luminescent NCs. In addition, the simplicity of phase transfer 
operations (via electrostatic interactions) also translates to process scalability. 
Volume production of luminescent metal NCs can be easily realized by this 
method (Figure 3.4a). Moreover, the as-synthesized luminescent Ag, Au, Pt, 
and Cu NCs are protected by the same original ligand (GSH in this case) and 
can be used as a platform to develop fundamental composition-property 
relationships. 
An added advantage of the current method is that the luminescent metal 
NCs in the organic phase can be easily shuttled back to the aqueous phase. For 
example, upon the addition of a hydrophobic salt in chloroform, TMAD, to the 
luminescent metal NCs in toluene, the hydrophobic decanoate anion D- 
quickly formed a hydrophobic salt (CTA)+D- with the hydrophobic cation 
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CTA+ on the GSH-protected metal NCs. The removal of the hydrophobic 
cation CTA+ from the GSH-protected metal NCs restored the negative charge 
(from the carboxyl groups of GSH) on the metal NCs, enabling them to return 
back to the aqueous phase. Fast (< 5 min) and complete (> 90 mol%) transfer 
of the luminescent metal NCs from the organic (mixture of chloroform and 
toluene) to the aqueous phase was made possible by this method. It should be 
mentioned that there were no CTA+ ions associated with the luminescent 
metal NCs returned back to the aqueous phase (see Figure 3.4b for the FTIR 
analysis). The phase transfer reversibility of luminescent metal NCs between 
organic and aqueous solutions broadened the usability of these NCs in both 
organic and aqueous environments. 
 
Figure 3.4 (a) Photographs of luminescent Ag NCs synthesized in 500 mL 
bottle under normal (a) and UV (b) light, (b) FTIR spectra of original non-
luminescent GSH-protected Ag NCs in water (black line), luminescent CTAB-
coated GSH-protected Ag NCs in toluene (red line), and the final product of 
luminescent GSH-protected Ag NCs in water (blue line). No distinct peaks for 
the methylene group (from CTAB) were detected in the final product (blue 





Figure 3.5 (a) Optical absorption (solid lines) and photoemission (dotted lines) 
spectra of the orginal GSH-protected Ag NCs (black lines) and the returned 
luminescent GSH-protected Ag NCs (red lines) in the aqueous phase. The 
inset shows photographs of the returned luminescent GSH-protected Ag NCs 
in the aqueous phase under visible (item 1) and UV (item 2) light. (b) XPS 
spectrum of the returned luminescent GSH-protected Ag NCs (red line) and 
GSH-AgI complex intermediates (black line). (c) Time-resolved luminescence 
lifetime analysis of the returned luminescent GSH-protected Ag NCs (black 
line). The red line is a biexponential fit of the experimental data. 
 
 
Figure 3.6 (a) TGA analysis (in N2) of the final luminescent GSH-protected 
Ag NCs in the aqueous phase. (b) A typical SEM image (upper panel) and the 
corresponding EDX spectrum (lower panel) of the final luminescent GSH-
protected Ag NCs. The elemental composition was obtained by averaging the 
EDX results of 6 different areas.  
 
Using Ag as an example, we demonstrated that a phase transfer cycle 
(aqueous → organic (incubation) → aqueous) could efficiently process the 
original non-luminescent GSH-protected Ag NCs (inset of Figure 3.2a, top 
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item) in aqueous phase to highly luminescent Ag NCs (inset of Figure 3.5a) 
also in the aqueous phase. As shown in Figure 3.5a, the Ag NCs after one 
phase transfer cycle showed strong emission peak at 660 nm (dotted red line), 
whereas the original Ag NCs did not display any emission in the same 
wavelength regime (dotted black line). It is known experimentally and 
theoretically that ultrafine-sized (< 2 nm) metal NCs acquire molecule-like 
absorption features, which are related to their size-dependent discrete energy 
levels.1, 107, 160, 185, 186 The luminescent Ag NCs returned to the aqueous phase 
exhibited a well-defined optical absorption spectrum with a prominent sharp 
peak at 480 nm and a very narrow full width at half maximum (fwhm) of < 45 
nm (Figure 3.5a, solid red line), characteristic of highly monodisperse Ag NCs. 
On the contrary, the original Ag NCs in aqueous solution showed broad 
absorption peaks at 480 and 540 nm (Figure 3.5a, solid black line), reflecting 
the polydisperse nature of the original Ag NCs. TEM images also confirmed 
that the returned luminescent Ag NCs (Figure 3.3c) were more monodisperse 
than the original Ag NCs (Figure 3.3a). STEM image (inset of Figure 3.3c) 
measured the size of the returned luminescent Ag NC as approximately 1.5 nm. 
Recently, Kumar et al. reported a family of discrete-sized Ag NCs protected 
by GSH via the electrophoretic separation of a Ag NC mixture.68 The 
absorption spectrum of our luminescent Ag NCs was similar to that of the 
GSH-protected Ag29 NCs in that study (most notably the characteristic narrow 
absorption peak at 480 nm).68 Since the same protecting ligand (GSH) was 
used in both studies, it is reasonable to consider our luminescent Ag NCs as 
Ag29 NCs. Furthermnore, elemental analyses of the luminescent Ag NCs by 
TGA (Figure 3.6a) and EDX (Figure 3.6b) showed a Ag to GSH molar ratio of 
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approximately 1.30 and 1.34 respectively, which are quite close to the molar 
ratio estimated for Ag29(GSH)22 (~1.32). However, more detailed information 
on the exact composition and the cluster structure of the as-synthesized Ag 
NCs has to await systematic studies based on mass spectrometry (e.g., 
MALDI-TOF and ESI-MS) and total crystal structure determination. 
The oxidation state of luminescent Ag NCs was examined by XPS. The 
binding energy of Ag 3d5/2 of luminescent Ag NCs (Figure 3.5b, red line) was 
367.7 eV. In contrast, the Ag 3d5/2 binding energy of thiolate-AgI complex 
intermediates (simply prepared by the mixing of GSH with AgNO3 solution) 
was 367.9 eV (Figure 3.5b, black line). A slight shift of 0.2 eV of Ag 3d5/2 
binding energy indicates that the Ag NCs had an oxidation state different from 
that of the thiolate-AgI complex intermediates. Analysis of the luminescence 
decay of the luminescent Ag NCs at 660 nm revealed a decay response on 
nanosecond scale which can be fitted to a bi-exponential function (Figure 3.5c, 
red line) with fast (0.96 ns, 81%) and slow (4.4 ns, 19%) components in 
different ratios. The short lifetimes of our luminescent Ag NCs are similar to 
the nanosecond emission from the singlet excited states of water-soluble Ag0 
NCs protected by polymers21 or DNA42. 
Versatility is another suit of the electrostatically-induced phase transfer 
method since the thiol ligands can be designed to introduce additional 
functionalities to the luminescent metal NC surface to increase the usability of 
the latter in biolabeling and bioimaging applications. For example thiol 
ligands can be designed as peptides to impart biocompatibility, limitless 
diversity and to reduce the environmental footprint of the synthesis.187, 188 The 




Figure 3.7 Photoexcitation (dotted lines) and photoemission (solid lines) 
spectra of luminescent Ag NCs synthesized by Glu-Cys-Glu (a), Asp-Cys-Asp 
(b), Ser-Cys-Ser (c), and Lys-Cys-Lys (d). The excitation spectra were 
measured at λem = 655, 640, 670, and 440 nm for (a) to (d), respectively, and 
the emission spectra were measured at λex = 480 nm for (a) to (c) and 368 nm 
for (d). The insets are photographs of Ag NCs synthesized by the different 
peptides under visible (item 1) and UV (item 2) light. 
 
cysteine, and glycine residues. The thiol group from the cysteine residue is 
essential for the formation of ultrafine-sized metal NCs (< 2 nm) in this study, 
without which (e.g., when GSH was replaced by a glutamic acid-serine-
glycine peptide) only large and non-luminescent nanoparticles (> 2 nm) were 
formed. Hence the designed peptides must contain at least one thiol group 
(e.g., from cysteine) together with amino acids with other functional side 
groups (e.g., carboxyl, hydroxyl, and amine) to introduce the desired 
functionalities to the metal NC surface. As a proof of concept, we have 
designed several simple tripeptides, X-cysteine-X (X indicates any natural 
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amino acid) for the synthesis of luminescent Ag NCs. Three types of residues 
were used for X: (a) X = Aspartic and Glutamic acid to represent negatively-
charged carboxyl side groups; (b) X = Serine to represent neutral hydroxyl 
side groups; and (c) X = Lysine to represent positively-charged amine side 
groups. As shown in Figure 3.7, intense red-emitting Ag NCs were 
synthesized by Asp-Cys-Asp, Glu-Cys-Glu, and Ser-Cys-Ser peptides; while 
strong blue-emissive Ag NCs were synthesized by Lys-Cys-Lys. Given that 
there are innumerous peptides that can be designed with the thiol group, 
luminescent metal NCs with the desired functionalities can be prepared 
through simple customizations (e.g., changing the number of cysteine residues, 
length, functionalities, and structure) of the peptide ligands and using the 
reversible phase transfer method of this study to create NC luminescence.  
 
Figure 3.8 (a) Optical absorption spectra, and (b) photographs under visible 
(top) and UV (bottom) light of the original Ag NCs formed under different 
concentration ratio (R[GSH]/[Ag]). (c) Photoexcitation (dotted lines) and 
photoemission (solid lines) spectra, and (d) photographs under visible (top) 
and UV (bottom) light of the as-synthesized Ag NCs in the toluene phase 




While it is not clear at the molecular level how the phase transfer of Ag 
NCs from aqueous to organic phase followed by a short incubation in the latter 
generated luminescence of Ag NCs, there were two revealing observations: (i) 
The concentration ratio of GSH to Ag precursor (R[GSH]/[Ag]) was critical. At a 
fixed Ag precursor concentration (0.5 mM), a relatively high concentration 
ratio (R[GSH]/[Ag] ≥ 3) was required for the synthesis of highly luminescent Ag 
NCs (Figure 3.8). Decreasing the ratio to 1 and below would only produce 
non-luminescent large Ag nanoparticles (> 2 nm) with characteristic surface 
plasmon resonance (SPR) at approximately 405 nm (Figure 3.8a). 
 (ii) The etching of Ag NCs in toluene was much slower than in the 
aqueous phase. The mild etching environment made possible by phase transfer 
via electrostatic interactions seems to favour the formation of stable Ag NCs 
with a well-defined structure (other metastable NC species were gradually 
decomposed by this “size-focusing” process).90 The strong luminescence 
observed in the organic phase was most likely emitted by these stable Ag NCs 
with a well-defined structure.  
Control experiments showed that the original GSH-protected Ag NCs 
degraded rather rapidly in the aqueous phase, as shown by the diminishing 
absorption peaks in their UV-vis spectra (Figure 3.9a) as well as solution color 
change. The original deep-red Ag NCs in the aqueous solution (Figure 3.9b, 
left panel, item 1) was etched to colorless (item 2) in 2.5 h. This was due to the 
decomposition of the original Ag NCs to thiolate-AgI complex; and confirmed 




Figure 3.9 (a) Time-resolved evolution of optical absorption spectra of the 
original Ag NCs in water, indicating complete decomposition of the NCs 
within 2.5 h. (b) Photographs of the original Ag NCs in water immediately 
after preparation (item 1) and after incubation for 2.5 h at room temperature 
(item 2); Ag NCs tranfered to toluene immediately after preparation (item 3) 
and after incubation in toluene for 2 h at room temperature (item 4). The left 
panel shows the solution in visible light, and the right panel is viewed under 
UV illumination. Time-resolved evolution of optical absorption (c) and 
photoemission (d) spectra of Ag NCs in toluene. The insets in (a) and (c) show 
relative optical absorption intensity (I/I0) at 480 nm, and the inset in (d) shows 
relative luminescence intensity (I/I2h), as a function of time. 
 
3.9a). The facile decomposition of original Ag NCs in the aqueous solution 
was not unexpected, considering that thiol ligands are strong etchants for small 
Ag NCs and the ease of oxidation of atomic Ag in the presence of oxygen 
(from air).37, 90, 189 No luminescence was emitted by the original Ag NCs or the 
decomposed Ag NCs (thiolate-AgI complex) in aqueous solution (Figure 3.9b, 
items 1 & 2, right panel). 
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On the contrary, Ag NCs after phase transfer to an organic phase 
decomposed much more slowly, possibly because most of the free hydrophilic 
thiol ligands (“etchants”) were left behind in the aqueous solution. Since the 
bromide anion from the phase transfer agent CTAB is a potential etchant for 
the ultrasmall Ag NCs, a control experiment was carried out where a bromide-
free phase transfer agent (DDA) was used. Ag NCs with a red luminescence 
were still formed, thereby ruling out bromide as a possible cause for the 
formation of luminescent Ag NCs in the current study. 
More gradual changes in the absorption spectra and solution color 
provided the direct evidence for the slower decomposition in the organic phase. 
As shown in Figure 3.9 (left panel), the as-transferred Ag NCs in toluene were 
intense red in color (item 3) and faded to a lighter color slowly in toluene 
(item 4, a typical sample after 2 h-incubation). In addition, the absorption peak 
of Ag NCs in toluene at 480 nm became much sharper (Figure 3.9c, 20 mins), 
indicating the size-focusing of Ag NCs in toluene due to the etching of 
metastable Ag NC species. Accordingly, luminescent Ag NC species were 
gradually formed. The evolution of the emission spectra of Ag NCs in toluene 
is shown in Figure 3.9d. While the initial Ag NCs in toluene exhibited no 
visible emission, an intense emission band centering at 660 nm appeared 20 
mins later upon excitation at 480 nm. The luminescence intensity increased 
gradually with the increase in incubation time. Maximum emission intensity 
occurred at an incubation time of approximately 2 h. Further incubation was 
found to slowly decrease the luminescence intensity. However, it is 
noteworthy to mention that the luminescence could still be observed after 
incubation for up to 3 days at room temperature. Improved stability of the as-
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synthesized luminescent Ag NCs in the organic phase was possible if they 
were stored at a low temperature (e.g., 4 oC) and in an inert gas atmosphere 
(e.g., N2). In that case, the luminescence intensity loss was less than 20% after 
6 months of storage. 
 
Figure 3.10 Photoexcitation (dotted lines) and photoemission (solid lines) of 
the final luminescent Ag NCs in the aqueous phase freshly prepared (black 
lines) and after 6 months storage (red lines) at 4 oC without N2 protection. 
 
Further stability improvement of the luminescent Ag NCs was achieved 
by transferring the Ag NCs back to the aqueous phase. Since the luminescence 
intensity in the organic phase was maximum after 2 h of incubation, 2 h was 
selected as the optimal incubation time. The luminescent Ag NCs after 2 h of 
incubation and returned to the aqueous phase exhibited more persistent 
luminescence - the luminescence loss was < 10% even after 6 months storage 
at 4 oC and without the protection of a N2 blanket (Figure 3.10). The good 
stability of the final luminescent Ag NCs in aqueous solution could be 
attributed to the formation of extraordinarily stable Ag NC species with a 
well-defined structure, in addition to the purification of products from free 
ligands and by-products by phase transfer operations. The improved stability 
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of the final products can greatly improve their usability in biomedical and 
other sensing applications. 
3.4 Conclusion 
In summary, we have developed a new method for generating highly 
luminescent Ag, Au, Pt, and Cu NCs in a mild etching environment made 
possible by phase transfer via electrostatic interactions. Using Ag as a model 
metal, we demonstrated a simple and fast (total synthesis time < 3 h) phase 
transfer cycle (aqueous → organic (2 h-incubation) → aqueous) whereby 
polydisperse, non-luminescent, and unstable Ag NCs in aqueous solution 
could be transformed into monodisperse, highly luminescent, and extremely 
stable Ag NCs in aqueous solution protected by the same original thiol ligand 
(GSH). The synthetic protocol was then extended to fabricate highly 
luminescent Ag NCs protected by custom-designed peptides with different 
functionalities (e.g., carboxyl, hydroxyl, and amine). The attractive features of 
these metal (Ag, Au, Pt, and Cu) NCs, such as an ultrasmall hydrodynamic 
diameter, high stability, biocompatible protecting ligands, and excellent 
luminescence properties, are likely to promote their acceptance in bioimaging 





HIGHLY LUMINESCENT Ag+ NANOCLUSTERS FOR Hg2+ 
ION DETECTION  
4.1 Introduction 
Increasing concern over mercury pollution in the environment and its 
deleterious effects on human health are the prime motivations for the 
continuing improvements in the mercury detection methods.190-192 Among the 
newly developed Hg2+ ion sensors, noble metal (Ag and Au) nanoparticle 
(NP)-based optical sensors are the most attractive because of their fast 
detection speed, simple construction, low cost, and good miniaturizability.193-
198 In a typical Ag/Au NP-based optical sensor for Hg2+ ions, an optical 
response is triggered by Hg2+ ions, leading to a color or fluorescence intensity 
change of the assay solution, which can be measured colorimetrically or 
fluorometrically and correlated with the Hg2+ ion concentration.44, 125, 193, 194, 199, 
200 Two key sensor features (selectivity and sensitivity for Hg2+ ions) of many 
of such systems are, however, largely determined by the choice of label 
molecules (e.g., DNA,199, 201 which can interact specifically with Hg2+ ions) on 
the NP surface, making these systems relatively complicated and less practical 
for routine monitoring.193, 194, 198, 199 There is therefore strong interest in the 
development of label-free NP-based Hg2+ ion sensors. 
    Recently, Xie et al.167 reported a label-free Au NP-based assay for Hg2+ 
ions which leverages on the natural affinity between the probe material 
(luminescent Au NCs) and the target ions (Hg2+). Due to the large dispersion 
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forces between the closed-shell metal atoms which are further magnified by 
relativistic effects, a strong metallophilic bond is established between the d10 
centers of Hg2+ (5d10) and Au+ (5d10).202, 203 The formation of the metallophilic 
bond of Hg2+–Au+ can significantly quench the luminescence of Au NCs, 
which can be used for the determination of the Hg2+ ion concentration.127, 167, 
204 The metallophilic bond between d10 centers of metal atoms exhibits high 
specificity and affinity, enabling a sensitive and highly selective label-free 
detection of Hg2+ ions. The performance of such sensing system is determined 
by three main characteristics of luminescent Ag or Au NCs: optical properties 
(e.g., QY), the ratio of active metal species (Ag+ or Au+) to the surface atoms 
in the NC surface, and the diffusion resistance of the protecting organic shell 
on the NC surface to Hg2+ ions. For instance, recent Hg2+ ion sensors based on 
protein-protected Au NCs are limited by a relatively low QY (~ 6%), a low 
ratio of Au+ species in the NC surface (~ 17%), and a relatively long diffusion 
path length of Hg2+ to access the NC surface due to the size of large protein 
molecules (~ 6 nm).167 
In this chapter, we report a new sensor design based on luminescent Ag 
NCs which has an excellent optical property (QY = 15%), an ultra-high ratio 
of active metal species (Ag+) in the NC surface (~ 100%), and an ultra-short 
diffusion path length of Hg2+ ions to access the NC surface (~ 0.5 nm). The as-
synthesized Ag NCs are protected by a small biocompatible peptide molecule, 
GSH. They have an ultrafine size (< 1 nm) − a molecular formula of 
Ag12(SG)10 with nearly 100% of Ag+ species in the NC surface. The Ag atoms 
(Ag+) in the as-synthesized Ag NCs are fully oxidized, and are therefore 
highly stable in operations in the presence of oxygen, unlike conventional 
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luminescent Ag0 NCs which will inevitably undergo oxidation to Ag+ in an 
aerated environment.201 To the best of our knowledge, this is perhaps the first 
successful attempt in synthesizing highly luminescent Ag+ NCs. A low-cost 
label-free assay for Hg2+ ions was developed based on these novel luminescent 
Ag NCs, which has shown desirable features such as simplicity in construction 
and use, fast detection speed (< 1 min), large detection regime (0.1 nM - 100 
μM for Hg2+ ions), and high selectivity and sensitivity (< 5 nM). 
4.2 Experimental Section 
4.2.1 Materials 
Ultrapure Millipore water (18.2 MΩ) was used as a universal solvent 
unless indicated otherwise. All glassware was washed with aqua regia, and 
rinsed with ethanol and ultrapure water. Sodium borohydride (NaBH4), L-
glutathione reduced (GSH), cetyltrimethyl ammonium bromide (CTAB), 
decanoic acid (DA), tetramethylammonium hydroxide pentahydrate (TMAH), 
α-cyano-4-hydroxycinnamic acid (CHCA), metal salts and anions from 
Sigma-Aldrich; sodium chloride, sodium hydroxide (NaOH), silver nitrate 
(AgNO3), ethanol, and methanol from Merck; toluene from Tedia; chloroform 
from Fisher; were used as received. 
4.2.2 Instruments 
Luminescence and UV-vis spectra were recorded on a PerkinElmer LS55 
fluorescence spectrometer and a Shimadzu UV-1800 spectrometer, 
respectively. The molecular weight of the Ag NCs and Hg2+−Ag NCs were 
analyzed by MALDI-TOF and ESI mass spectrometry on a Bruker Daltonics 
Autoflex II TOF/TOF system and a Bruker microTOF-Q system, respectively. 
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The MALDI samples were prepared by mixing 1 μL of the as-synthesized Ag 
NCs or Hg2+−Ag NCs in aqueous solution with 1 μL of saturated CHCA 
solution. The saturated CHCA solution was prepared by dissolving 20 mg of 
CHCA in 0.999 mL of ethanol, followed by the addition of 1 μL of 
trifluoroacetic acid. XPS was carried out on a VG ESCALAB MKII 
spectrometer. Narrow-scan XPS spectra of Ag 3d core levels were 
deconvoluted by the XPSPEAK software (Version 4.1), using adventitious 
carbon to calibrate the binding energy of C 1s as 284.5 eV. TEM images were 
taken on a JEOL JEM 2010 microscope operating at 200 kV. 
4.2.3 Synthesis of the Blue-Emitting Ag NCs (b-Ag NCs)  
Aqueous solutions of AgNO3 (20 mM) and GSH (50 mM) were prepared 
with ultrapure water. An aqueous solution of NaBH4 (112 mM) was freshly 
prepared by dissolving 43 mg of NaBH4 in 8 mL of ultrapure water, followed 
by the addition of 2 mL of 1 M NaOH solution. The addition of a controlled 
quantity of NaOH to the NaBH4 solution was used to improve the stability of 
the borohydride ions against hydrolysis. In a typical synthesis of GSH-Ag NCs 
in aqueous solution, GSH solution (150 μL, 50 mM), NaBH4 solution (50 μL, 
112 mM), and AgNO3 solution (125 μL, 20 mM) were added sequentially to 
water (4.85 mL) under vigorous stirring. The GSH-Ag NCs in aqueous 
solution (5 mL) were collected after 10 min, followed by the addition of 5 mL 
of CTAB in ethanol (100 mM). The mixture was stirred for 20 seconds. 
Hydrophobic CTAB-protected GSH-Ag NCs were formed. Toluene (5 mL) 
was then added and stirred continuously for one more minute. The CTAB-
protected GSH-Ag NCs were completely transferred to toluene within 5 min. 
The CTAB-protected GSH-Ag NCs in toluene were incubated at room 
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temperature for 26 h. The aged toluene solution could then produce a strong 
blue emission under UV illumination. Using the same method designed in 
chapter 3, b-Ag NCs can be transferred from toluene to aqueous solution. The 
transferred b-Au NCs were stored in fridge (4 oC) without inert gas protection. 
4.3 Results and Discussion 
Only few successful synthesis protocols have been developed so far for 
luminescent Ag NCs protected by thiol ligands,37, 39, 77 mainly due to the 
relatively poor stability of the thiolate-protected Ag0 NCs in water. The key 
strategy in synthesizing highly luminescent Ag NCs is to create a mild etching 
environment to transform non-luminescent Ag NCs into highly luminescent 
counterparts. As shown in Chapter 3, we have discovered an electrostatically-
induced phase transfer protocol which provides a mild etching environment 
for Ag NCs in an organic medium.205 Red-emitting Ag0 NCs (r-Ag NCs) have 
been successfully synthesized. In this Chapter, we modified the method, and 
have successfully fabricated highly luminescent b-Ag NCs consisting of 
nearly 100% Ag+ species in the NC surface. The formation of b-Ag NCs 
involves three steps: 1) the synthesis of GSH-protected Ag NCs (or GSH-Ag 
NCs) by the reductive decomposition of thiolate-Ag+ complexes with a strong 
reducing agent, NaBH4 in water; 2) the transfer of the GSH-Ag NCs to toluene 
via the electrostatic interaction ((CTA)+(COO)-) between the negatively 
charged carboxyl groups (GSH has two carboxyl groups) on the Ag NC 
surface and the positively charged cation of CTAB.99 Hydrophobic CTAB-
coated GSH-Ag NCs in toluene were formed in the process (Figure 4.1a); and 
3) the incubation (without stirring) of the CTAB-coated GSH-Ag NCs in 




Figure 4.1 (a) Schematic illustration of the process to generate b-Ag NCs in a 
mild etching environment made possible by an electrostatically-induced phase 
transfer. Optical absorption (dotted lines) and photoemission (solid lines) 
spectra of (b) Ag NCs immediately after the transfer to toluene; (c) r-Ag NCs 
after 2 h of incubation in toluene; and (d) b-Ag NCs after a further 24 h of 
incubation in toluene. The emission spectra were measured at λex = 480, 480 
and 350 nm for (b), (c) and (d), respectively. The insets in (b-d) show the 
digital images of Ag NCs under visible (item 1) and UV (item 2) light. 
 
 
Figure 4.2 Time-resolved evolution of photoemission spectra of the b-Ag NCs 
in toluene. The luminescence intensity at 435 nm (λex = 350 nm) gradually 
increased with time from 2 to 26 h, which correlated well with the decrease of 
the 660 nm peak (λex = 480 nm), therefore suggesting the transformation of r-
Ag NCs to b-Ag NCs with time. (b) Luminescence spectra (λex = 350 nm) of 
the b-Ag NCs in aqueous solution at 4 oC (solid line) and 25 oC (dotted line). 
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The Ag NCs transferred to toluene were initially intense red in color, with 
no luminescence in toluene under UV illumination (Figure 4.1b). The solution 
slowly faded to a lighter color, and a strong red emission was observed in 
toluene after 2 h of incubation (Figure 4.1c). The r-Ag NCs displayed an 
emission peak at about 660 nm. Continued incubation of the CTAB-coated 
GSH-Ag NCs in toluene for another 24 h turned the solution to colorless, and 
a very strong blue emission in toluene was observed under the UV 
illumination (Figure 4.1d). Time-resolved luminescence spectra of the reaction 
solution (Figure 4.2a) suggest that the b-Ag NCs were gradually generated 
from the decomposition of the r-Ag NCs. The b-Ag NCs displayed a sharp 
absorption and emission peak at about 350 and 435 nm, respectively (Figure 
4.1d). Their quantum yield was determined to be ~ 15% by using quinoline as 
a reference. The excitation spectrum of b-Ag NCs, which also exhibited a very 
sharp peak at 350 nm (Figure 4.2b), superimposes the absorption spectrum 
nicely. A low temperature-induced luminescence enhancement was also 
observed for the b-Ag NCs (Figure 4.2b), where ~16% increase has been 
achieved at 4 oC from that of 25 oC. The luminescence enhancement at low 
temperature could be explained by the decrease of the nonradiative decay via 
the increased restriction on molecular vibrations at low temperature. The 
feature of very narrow absorption and excitation peaks (full width at half 
maximum (fwhm) < 20 nm) indicates highly monodisperse Ag NCs. This is 
corroborated by TEM image (Figure 4.3a), which showed that the b-Ag NCs 
in toluene were all below 1.5 nm in size. Control experiments using only GSH, 
NaBH4, CTAB, and their mixtures, without the addition of AgNO3 did not 
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generate any luminescence, suggesting that the strong blue emission in toluene 
was due to the ultrafine Ag NCs.   
 
Figure 4.3 Representative TEM images of (a) the b-Ag NCs in toluene, and (b) 
the Hg2+−Ag NCs. 
 
The clue for b-Ag NCs consisting of monovalent Ag atoms (Ag+) was 
first suggested by a reduction experiment. In the experiment, the addition of a 
strong reducing agent (NaBH4) to the b-Ag NCs solution obliterated the blue 
emission and a strong red emission reemerged within minutes (Figure 4.4a). 
This is indication of the different oxidation states of Ag atoms in b-Ag NCs 
(Ag+) and r-Ag NCs (Ag0). The oxidation state of Ag atoms in b-Ag NCs was 
examined by XPS. The Ag 3d5/2 of b-Ag NCs could be deconvoluted into two 
distinct components (Ag+ for dotted black and Ag0 for red curves) centered at 
binding energies of 367.9 and 367.7 eV (Figure 4.4b, blue line). The binding 
energies of Ag+ and Ag0 at 367.9 and 367.7 eV agree well with that of 
thiolate-Ag+ complexes (Figure 4.4b, black line) and that of large Ag NPs 
(Figure 4.4b, purple line), respectively. The dominant amount of Ag+ species 
(~85%) in the b-Ag NCs suggests that nearly 100% of Ag+ species present in 
the NC surface. A slight shift in the Ag 3d5/2 binding energy of about 0.2 eV 
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was detected by comparing b-Ag NCs with r-Ag NCs (prepared by the 
reduction of b-Ag NCs with NaBH4, Figure 4.4b, red line), further confirming 
the oxidation state of Ag atoms in the b-Ag NCs.  
 
Figure 4.4 (a) Optical absorption (dotted line) and photoemission (solid line, 
λex = 480 nm) spectra of the r-Ag NCs obtained by the redution of b-Ag NCs 
with NaBH4 in toluene. The inset shows digital photos of the r-Ag NCs under 
visible (item 1) and UV (item 2) light. (b) XPS spectra of thiolate-Ag+ 
complexes (black line), b-Ag NCs (blue line), large Ag NPs (purple line; > 3 





Figure 4.5 (a) Optical absorption (dotted lines) and photoemission (solid lines, 
λex = 350 nm) spectra of b-Ag NCs (blue lines) and Hg2+–Ag NCs (black lines) 
in the aqueous phase. The inset shows the digital photographs of b-Ag NCs 
(item 1) and Hg2+–Ag NCs (item 2) under the UV light. (b) Schematic 
illustration of the luminescence quenching of b-Ag NCs upon the addition of 
Hg2+ ions. (c) MALDI-TOF mass spectra of b-Ag NCs (blue line) and Hg2+–
Ag NCs (black line). The inset shows the zoomed-in ESI mass spectrum of b-
Ag NCs with the isotope pattern of [Ag12(SG)10 - 7H+ + 7Na+]2- (negative ion 
mode). The molecule weight obtained from the ESI spectrum (2257.12 × 2 = 
4514.24) agrees well with the calculated molecular weight of [Ag12(SG)10 - 
7H+ + 7Na+] (4511.52). 
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The b-Ag NCs in toluene can be easily shuttled back to the aqueous phase. 
Upon the addition of a hydrophobic surfactant, tetramethylammonium 
decanoate (TMAD), to the b-Ag NCs in toluene, the hydrophobic decanoate 
anion D- extracted the hydrophobic cation CTA+ on the surface of the b-Ag 
NCs. The removal of the hydrophobic cation CTA+ from the GSH-protected b-
Ag NCs restored the negative charge (from the carboxyl groups of GSH) on 
the Ag NCs, returning the Ag NCs to the aqueous phase. The b-Ag NCs 
returned to the aqueous phase exhibited nearly unchanged optical properties as 
those of b-Ag NCs in toluene. As shown in Figure 4.5a, sharp peaks in 
absorption and emission spectra were detected at about 350 and 435 nm, 
respectively, for the b-Ag NCs returned to the aqueous phase. 
Upon the addition of Hg2+ ions (10 μM) to the aqueous b-Ag NCs 
solution (~4.5 μM),206 the blue emission of Ag NCs (Figure 4.5a inset, item 1) 
was completely quenched within seconds (Figure 4.5a inset, item 2). The 
photoemission spectrum of the b-Ag NCs in the presence of Hg2+ (hereafter 
referred to as Hg2+–Ag NCs, Figure 4.5a, black solid line) also confirmed the 
complete quenching of the luminescence of b-Ag NCs. The luminescence 
quenching of b-Ag NCs indicates the strong interaction between Hg2+ and Ag+ 
(Figure 4.5b), which can be attributed to the formation of a strong 
metallophilic bond between their d10 centers.167 On the other hand, the 
addition of Hg2+ ions to the b-Ag NCs solution had little impact on the size of 
Ag NCs (Figure 4.3b for a TEM image of the Hg2+–Ag NCs), which ruled out 
the aggregation of the b-Ag NCs as the cause of luminescence quenching.44, 193 
MALDI-TOF analysis of b-Ag NCs and Hg2+–Ag NCs confirms that the 
luminescence quenching of the b-Ag NCs is caused by the binding of Hg2+ 
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ions. As shown in Figure 4.5c, a peak at ~4358 Da was detected for the b-Ag 
NCs (blue line), which corresponds well with the molecular formula 
Ag12(SG)10. The attribution is further confirmed by ESI-MS analysis (Figure 
4.5c). Ag12(SG)10 is an extraordinarily stable NC species due to its electron 
shell-closing structure,1, 2, 21 where 2 valence electrons (12 – 10 = 2, assuming 
each thiolate ligand consumes one electron for Ag-S bond formation) exist in 
each cluster. It should be mentioned that the b-Ag NCs have excellent stability 
even when they were stored at room temperature without inert gas protection. 
No visible changes in the optical properties (absorption and emission) were 
found after 6 months of storage. In comparison, the Hg2+–Ag NCs exhibited a 
broad peak in the MALDI-TOF spectrum between 5000 to 6000 Da (Figure 
4.5c, black line). The increase in the molecular weight by 600 to 1600 Da 
from the original b-Ag NCs could be attributed to the attachment of about 3 to 
8 Hg2+ to the surface of the b-Ag NCs, which caused the luminescence 
quenching of the latter. 
 
Figure 4.6 Digital photographs under UV illumination (a) and relative 
luminescence (I/I0) at λex = 350 nm (b) of aqueous b-Ag NCs solutions (4.5 




Figure 4.7 Relative luminescence (I/I0) at λex = 350 nm of aqueous b-Ag NCs 
solutions (4.5 μM) in the presence of 250 μM of (a) different metal ions, and 
(b) GSH and different anions. 
 
Due to the high specificity of the d10 Hg2+–Ag+ interaction, the b-Ag NCs 
provide excellent selectivity for detecting Hg2+ ions among other metal ions. 
Figure 4.6 shows that only Hg2+ ions can completely quench the luminescence 
of b-Ag NCs. Other metal ions including major interfering ions such as Cu2+, 
Cd2+ and Pb2+ do not show distinct quenching of the luminescence of b-Ag 
NCs. The high selectivity for Hg2+ ions in our assay could be easily detected 
by the naked eye (Figure 4.6a). The b-Ag NCs also exhibited excellent 
tolerance over other metal ions (Figure 4.7a) – no distinct luminescence 
quenches have been observed in solutions with a high metal ion concentration 
(25 times of the concentration of Hg2+ ions). Our b-Ag NCs also displayed 
superior resistance (Figure 4.7b) to common thiol ligands (e.g., GSH) and 
anions (I-, Br-, etc.).  
The detection of Hg2+ ions by the luminescent Ag NCs is also ultra-fast. 
The luminescence of b-Ag NCs was quenched within seconds upon the 
addition of Hg2+ ions, which could be attributed to the strong interaction 
between Hg2+ and Ag+. The ultra-short diffusion path length of Hg2+ ions to 
the b-Ag NC surface (< 0.5 nm by considering the small peptide molecule 
(GSH, molecular weight = 307 Da) coating on the surface) could further 
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contribute to the rapid response of our sensing system. Our b-Ag NCs are also 
robust in real water samples (e.g., drinking, tap, and lake water, Figure 4.8a) 
and in solutions with high ionic strength (e.g., 1 M NaCl, Figure 4.8b). The 
high stability of b-Ag NCs would greatly facilitate their practical uses for the 
Hg2+ ion detection in natural systems. 
 
Figure 4.8 Relative luminescence (I/I0) at λex = 350 nm of b-Ag NCs (4.5 μM) 
(a) in different real water samples in the presence of Hg2+ ions (10 μM), and (b) 
in the presence of NaCl with different concentrations. 
 
 
Figure 4.9 (a) Photoemission spectra (λex = 350 nm) of b-Ag NCs (100 nM) in 
the presence of different Hg2+ ion concentrations. (b) Relative luminescence 
(I/I0) of b-Ag NCs as a function of Hg2+ ion concentration. The inset shows 
the linear detection region for 0 - 125 nM of Hg2+ ions. 
 
This new assay system also has very high sensitivity for Hg2+ ions. The 
formation of Hg2+–Ag+ bonds due to very strong interaction between the d10 
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centers of Hg2+ and Ag+ has very high efficiency in quenching the 
luminescence of b-Ag NCs. It is possible that one Hg2+ ion can completely 
quench the luminescence of one b-Ag NC via the formation of one Hg2+–Ag+ 
bond. The extremely high ratio of active Ag species (Ag+) on the surface of b-
Ag NCs further contributes a high sensitivity for Hg2+ ions. The limit of 
detection (LOD) of our assay is largely determined by the concentration of b-
Ag NCs, where a lower b-Ag NC concentration may be used to realize a lower 
LOD for Hg2+ ions. For example, the LOD of our assay was estimated to be 5 
nM for a 100 nM b-Ag NC solution. Figure 4.9a shows the gradual decrease in 
the luminescence of b-Ag NCs when the Hg2+ ion concentration was increased 
from 0 to 400 nM. The luminescence intensity of b-Ag NCs toward Hg2+ ions 
decreased linearly over the Hg2+ ion concentration range of 0 - 125 nM 
(Figure 4.9b). The LOD for Hg2+ ions at a signal-to-noise ratio of 3 was 
estimated to be 5 nM (1.0 ppb), which is comparable to the maximum level 
(1.0 ppb) of mercury permitted in drinking water by the European Union.207 
The LOD of Hg2+ ions can be further improved in our assay by decreasing the 
concentration of b-Ag NCs. For example, we could simply achieve < 0.1 nM 
of LOD by using b-Ag NCs at a concentration of 1 nM. From the above 
discussion, the linear detection regime for Hg2+ ions is related to the b-Ag NC 
concentration. The detection regime versatility could greatly broaden the 
usability of this assay for environmental samples where the Hg2+ ion 
concentration may vary widely (e.g., from 0.1 nM to 100 μM). 
4.4 Conclusion 
In summary, highly luminescent Ag NCs were produced by an 
eletrostatically-induced phase transfer approach. The as-synthesized b-Ag NCs, 
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with their high quantum yield (~ 15%), ultra-high ratio of active Ag+ species 
in the NC surface (~ 100%), and ultra-short diffusion path length to the NC 
surface (< 0.5 nm), provided an excellent platform for the development of 
low-cost label-free Hg2+ ion sensors. These features were exploited in the 
design of a highly selective and ultrasensitive detection assay for Hg2+ ions 
based on high-affinity metallophilic Hg2+–Ag+ interaction. The materials and 
assays developed in this study are important not only because they provide a 
proficient label-free assay platform for Hg2+ ions, but also because they 
exemplify the usage of high-affinity d10 interactions for the detection of heavy 





HIGHLY LUMINESCENT SILVER NANOCLUSTERS 
WITH TUNABLE EMISSIONS: CYCLIC REDUCTION-
DECOMPOSITION SYNTHESIS AND ANTIMICROBIAL 
PROPERTY 
5.1 Introduction  
Ultrasmall noble metal NCs, typically comprised of a few to several 
hundred metal atoms, present unique physical and chemical properties 
between single atoms and large nanocrystals (> 2 nm).1, 2, 8, 208 Owing to the 
strong quantum size confinement in this size regime (< 2 nm), NCs possess 
discrete and size-tunable electronic transitions, and display unique molecule-
like properties, such as quantized charging and luminescence.107, 160-163, 165, 166, 
209 Strong luminescence is one of the most attractive features for these NCs 
due to their ultrafine size, good photostability, and low toxicity,34 some of 
these properties may not be realized by other luminophores, such as organic 
dyes (for example, photostability concerns) and semiconductor quantum dots 
(for example, relatively large size and toxicity concerns).107, 163, 208, 210, 211 
Recent studies have shown that luminescent Au and Ag NCs are promising 
optical probes for bioimaging and biosensing applications.8, 212-216 This finding 
has led to the development of various methods for the synthesis of highly 
luminescent Au and Ag NCs.7, 208 On the other hand, insofar as nanostructured 
Ag-based materials are concerned, they are finding an increasing usage for 
antimicrobial applications owing to the unique chemistry of Ag interfacing 
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with microorganisms.217-219 Although there is a large volume of work 
exploring the potential use of large Ag nanocrystals (> 2 nm) as 
antimicrobials,144, 220-224 there are no published reports describing the 
antimicrobial activity of ultrasmall Ag NCs (< 2 nm), which could have 
scaling effects in the biological systems that differ from those of their larger 
counterparts. It is therefore of paramount interest to investigate the potential 
antimicrobial property of ultrasmall Ag NCs and gain a better understanding 
of its mechanism. Further, this research may trigger a heightened interest in 
the synthesis of high-quality luminescent Ag NCs in the aqueous phase.  
While good protocols for the synthesis of highly luminescent Au NCs are 
currently being developed,10, 46, 98, 113, 114, 119, 161, 162, 216 the same cannot be said 
about the synthesis of luminescent Ag NCs, which were recently discovered. 
We can broadly classify luminescent Ag NCs that have been successfully 
synthesized to date into two types: 1) macromolecules-protected luminescent 
Ag NCs (for example, polymers,174-176 dendrimers,106 DNA,169, 171, 172 and 
proteins125, 225); and 2) thiol-protected luminescent Ag NCs.226 Among the 
luminescent Ag NCs, thiol-protected Ag NCs are more attractive in 
biomedical applications especially for subcellular imaging because of their 
ultrasmall hydrodynamic diameters (< 3 nm), facile post-functionalization, 
and good stability. Thiol-protected Ag NCs are generally synthesized by the 
etching or decomposition method by making use of the unique thiol-Ag 
interaction, where large-sized non-luminescent nanocrystals or NCs were 
etched by thiol ligands to smaller-sized luminescent NCs with a well-defined 
structure.37, 77, 101, 205, 226-228 Several successful attempts have been recently 
reported for the generation of luminescent Ag NCs at the organic-water 
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interface or inside the organic phase.37, 95, 205, 227 This organic phase synthesis 
greatly limits its applicability in biomedical settings. The synthesis of 
luminescent Ag NCs directly in the aqueous phase would therefore expand the 
bio-usability of Ag NCs. The key challenge faced by the aqueous synthetic 
route for luminescent Ag NCs is the fast etching kinetics, where un-
controllable etching process in water quickly degrades Ag NCs by excess thiol 
ligands into thiolate-AgI complexes, which do not show any visible 
luminescence.205 Therefore, we predicted that if the etching or size-/structure-
focusing kinetics for Ag NCs in water can be slowed, we might be able to 
synthesize luminescent Ag NCs in the aqueous phase. We then hypothesized 
that a rational modification of Ag NC intermediates before the etching (or 
size-/structure-focusing) step could decrease the etching kinetics, favouring 
the formation of highly luminescent Ag NCs with a well-defined size and 
structure in water. 
In this chapter, we present a novel synthesis strategy to produce highly 
luminescent Ag NCs with tunable emissions in the aqueous phase. We took 
advantage of the unique thiol-Ag interaction to create a reduction-
decomposition-reduction cycle (or a cyclic reduction-decomposition route) to 
modify Ag NC intermediates in water, which were subsequently subjected to a 
final size-/structure-focusing process. Non-luminescent Ag NC intermediates 
in a distinct size range were prepared by this cyclic reduction-decomposition 
method. These modified Ag NC intermediates were found to be more robust in 
water against the subsequent etching by thiol ligands, creating a relatively 
mild size-/structure-focusing environment, which can finally transform the Ag 
NC intermediate into highly luminescent Ag NCs with a well-defined size and 
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structure. Strong red and green emitting Ag NCs (r-Ag NCs and g-Ag NCs) in 
the aqueous phase were easily produced by this method. The as-synthesized r-
Ag NCs and g-Ag NCs definitively contained 16 and 9 Ag atoms respectively, 
and displayed superior stability in the aqueous phase. Since Ag nanocrystals of 
bigger size are well-documented to be antimicrobial, we hypothesized that 
ultrasmall Ag NCs will have even higher antimicrobial activity due to their 
well-defined structure and high surface area to volume ratio. As expected, the 
as-synthesized r-Ag NCs demonstrated unique antimicrobial property against 
multidrug-resistant bacteria (e.g., Pseudomonas aeruginosa), based on its 
capability in generating the intracellular reactive oxygen species (ROS). 
Presented below are the details of this investigation. 
5.2 Experimental procedures 
5.2.1 Materials 
Ultrapure Millipore water (18.2 MΩ) was used as a universal solvent 
unless indicated otherwise. All glassware was washed with aqua regia, and 
rinsed with ethanol and ultrapure water. Sodium borohydride (NaBH4), L-
glutathione reduced (GSH), sodium chloride (NaCl), chlorampenicol, 
rhodamine B, 2,5-dihydroxybenzoic acid (DHB), and 2’,7’-
dichlorofluorescein-diacetate (DCF-DA dye) from Sigma-Aldrich; sodium 
hydroxide (NaOH) and silver nitrate (AgNO3) from Merck; Bacto tryptone, 
yeast extract and Bacto agar from BD Difco; were used as received. 
5.2.2 Characterization 
Luminescence and UV-vis spectra were recorded on a PerkinElmer LS55 
fluorescence spectrometer and a Shimadzu UV-1800 spectrometer, 
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respectively. The species distribution of type-I and type-II thiolate-AgI 
complexes was analyzed by ESI mass spectrometry on a Bruker microTOF-Q 
system. Ultrafiltration of the r-Ag NCs was performed on a Millipore 8010 
ultrafiltration system using membranes with molecular weight cut-off 
(MWCO) of 3000 Da. The molecular weight of Ag NCs was obtained by 
MALDI-TOF mass spectrometer on a Bruker Daltonics Autoflex II TOF/TOF 
system. The MALDI-TOF samples were prepared by mixing 1 L of the as-
synthesized Ag NCs in aqueous solution with 1 L of saturated DHB solution. 
The saturated DHB solution was prepared by dissolving 20 mg of DHB in 
0.999 mL of ethanol, followed by the addition of 1 L of trifluoroacetic acid. 
XPS was carried out on a VG ESCALAB MKII spectrometer. TEM images 
were taken on a JEOL JEM 2010 microscope operating at 200 kV. Native 
polyacrylamide gel electrophoresis (PAGE) was conducted on a Bio-Rad 
Mini-Protean Tetra Cell system. 4 and 10 wt% acrylamide monomers were 
prepared for stacking and resolving gels, respectively. Sample solutions were 
loaded onto the stacking gel. The electrophoresis was allowed to run at 4 °C 
with a constant voltage of 150 V. 
5.2.3 Synthesis of r-Ag NCs and g-Ag NCs in Water 
Aqueous solutions of AgNO3 (20 mM) and GSH (50 mM) were prepared 
with ultrapure water. An aqueous solution of NaBH4 (112 mM) was freshly 
prepared by dissolving 43 mg of NaBH4 in 2 mL of 1 M NaOH solution, 
followed by the addition of 8 mL of ultrapure water. The addition of a certain 
amount of NaOH to the NaBH4 solution was used to improve the stability of 
borohydride ions against hydrolysis. In a typical experiment to synthesize r-
Ag NCs or g-Ag NCs, aqueous solutions of AgNO3 (125 L, 20 mM) and 
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GSH (150 L, 50 mM) were first mixed in water (4.85 mL) under vigorous 
stirring to form thiolate-AgI complexes, followed by the addition of an 
aqueous solution of NaBH4 (50 L, 112 mM). A deep-red solution of Ag NCs 
(~ 5 mL) was collected after 5 min. This Ag NC solution was then incubated 
at room temperature for ~ 3 h, and the deep-red solution was gradually 
decomposed to colorless, leading to the formation of thiolate-AgI complexes. 
Subsequently, a certain amount of 112 mM NaBH4 (50 L for the synthesis of 
r-Ag NCs or 250 L for g-Ag NCs) was introduced into this colorless solution 
under vigorous stirring, leading to the formation of a light-brown Ag NC 
solution after 15 min. Without stirring, this light-brown Ag NC solution was 
incubated at room temperature for a certain period of time (8 h for r-Ag NCs 
and 48 h for g-Ag NCs). Strong red or green emission was then observed in 
the aqueous phase. The r-Ag NCs or g-Ag NCs were collected without 
purification and stored at 4 oC for further characterizations. 
5.2.4 Bacterial Cell Culture 
Pseudomonas aeruginosa (P. aeruginosa. NRRL-B-3509, ARS Culture 
Collection, Department of Agricultural, United States) cells were cultured in 
Luria-Bertani (LB) medium with composition of: 1 w/v% Bacto Tryptone, 0.5 
w/v% Yeast extract, 1 w/v% NaCl (pH = 7). Culture was maintained at 
standard culture condition of 37 oC, 180 rpm. The strain maintenance was 
done on LB Agar, which was comprised of the same composition with the 
liquid medium with the addition of 1.5 w/v% Bacto agar. For every 
experiment, single colony of P. aeruginosa was picked from the fresh LB agar 




5.2.5 Agar Diffusion Assay  
Overnight P. aeruginosa culture was used to prepare bacterial lawn plate, 
where the final cells concentration was adjusted to give OD600 = 0.1 
(approximately 2.106 - 5.106 CFU·mL-1) with the help of microplate reader 
(Infinite 200, TECAN, Switzerland). Once solidified, the bacterial lawn plate 
was then punched to produce wells (d = 15 mm) where 200 μL of r-Ag NCs 
(40 μg·mL-1) was added and was allowed to diffuse out to the agar matrix. A 
same amount of ultrapure water was added and served as negative control. The 
LB agar plate was then incubated at 37 oC for another 18 h and P. aeruginosa 
susceptibility was ascertained by the presence of clear zone surrounding the 
wells. The clear zone of inhibition was determined by measuring the diameter 
of clear zone, and corrected with the diameter of wells. The experiment was 
duplicated and the width of zone inhibition was measured at 5 random 
positions and analyzed with ImageJ software. 
5.2.6 Reduction of Cell Growth  
Overnight P. aeruginosa cells culture was used as seeding culture and 
was added into fresh LB medium to give seeding concentration with OD600 = 
0.1 (approximately 2.106 - 5.106 CFU·mL-1). The cells culture was equally 
distributed into conical flasks. Following it, the r-Ag NCs (final concentration 
of 500 μM on the basis of Ag atoms) was added into the cell culture. 
Chloramphenicol (final concentration of 500 μM) and ultrapure water which 
were added at the same volume to preserve the diluent medium ratio, served as 
positive and vehicle control, respectively. The cultures were then grown at 37 
oC, 180 rpm for 14 h. Samples were withdrawn from the cell cultures every 2 
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h, and the bacterial growth was ascertained by their optical density reading at 
600 nm with microplate reader. The experiment was done in triplicate. 
In order to determine the effect of Ag NCs concentration towards its 
antimicrobial properties, overnight P. aeruginosa stock culture was added into 
fresh LB medium to give seeding concentration with OD600 = 0.1 
(approximately 2.106 - 5.106 CFU·mL-1) and then equally distributed into 
conical flasks. The cell cultures were then added with the Ag NCs suspension 
(50, 150, 300, and 500 μM) and ultrapure water, which served as vehicle 
control. The cultures were then grown at 37 oC, 180 rpm for 6 h. The initial 
cell number was determined by plating down the untreated cell culture 
(control) at the start of incubation time (t = 0 h) on LB agar plate. The same 
process was then repeated at the end of incubation time (t = 6 h) for Ag NCs 
treated and untreated cell culture. The plate was further incubated for 18 h, 
and the cell number was determined by counting the colonies formed on the 
plates. Significant bacterial growth on the vehicle control was also ascertained 
to confirm the efficacy of Ag NCs. Significant values of bacterial growth (F), 
and growth reduction values were calculated with the following formulas:  
Bacterial growth (F) = log (Mb/Ma) F is considered significant when 
F > 1.5 
% Reduction3 (R) = 100 (Mb - Mc) / Mb  
Where: 
     Ma = untreated cell culture (vehicle control) at t = 0 
     Mb = untreated cell culture (vehicle control) at t = 6 
     Mc = Ag NCs treated cell culture at t= 6  
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The above experiment was done in triplicate and the mean values were 
reported. 
5.2.7 Reactive Oxygen Species (ROS) Detection 
Intracellular ROS was determined by employing DCFH-DA dye. The 
DCFH-DA will intracellularly cleaved by nonspecific esterase into DCFH 
form. In the presence of ROS, the intermediate DCFH were further oxidized 
into fluorescent compound, DCF. Briefly, the P. aeruginosa cells (OD600 = 0.1) 
were treated with 300 μM of r-Ag NCs for 6 h. At the end of the incubation 
time, the cell density was determined by the absorbance at 600 nm. Following 
that, the cells were spin down at 10,000 xg, 4 oC for 3 min, washed thrice with 
water, resuspended in water, and were added with DCFH-DA (5 μM). The 
cells were incubated further for 1 h with mild shaking (80 rpm) at room 
temperature in the dark. The presence of DCF dye were measured with 
microplate reader at excitation/emission wavelength = 488/525 nm. The ROS 
concentration can be directly related to the fluorescence intensity of the DCF 
dye. The reported ROS concentration was normalized by the cell density. The 
experiment was done in triplicate. 
5.3 Results and Discussion 
5.3.1 Synthesis of Highly Luminescent Ag NCs via a Cyclic Reduction-
Decomposition Process  
To demonstrate our designed protocol for highly luminescent thiol-
protected Ag NCs in water, a natural tri-peptide, GSH, was selected as our 
model thiol ligand. Our protocol involves two stages (Figure 5.1): 1) 
preparation of modified Ag NC intermediates via a cyclic reduction-
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decomposition route; and 2) etching (size-/structure-focusing) of the as-
modified Ag NC intermediates to generate highly luminescent Ag NCs. The 
first stage is to use a reduction-decomposition-reduction cycle to produce 
modified Ag NC intermediates. Thiolate-AgI complexes (hereinafter referred 
to as type-I complexes) were firstly prepared by simply mixing aqueous 
solutions of silver nitrate (AgNO3) and thiol ligands (GSH). These type-I 
complexes were then undergoing a reduction-decomposition-reduction cycle 
(Figure 5.1, Step A-C in Stage I) to prepare the modified Ag NC 
intermediates. 
 
Figure 5.1 Schematic illustration of the process to generate highly 
luminescent GSH-protected Ag NCs in water. 
 
Step A – reduction of the type-I complexes to form Ag NCs (hereinafter 
referred to as the original Ag NC intermediates). The introduction of a certain 
amount of strong reducing agent, NaBH4, into the type-I complex solution 
quickly reduced the complexes to form Ag NCs (within 5 min), which 
displayed deep-red in solution under the normal light; Step B – decomposition 
of the original Ag NC intermediates to form thiolate-AgI complexes 
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(hereinafter referred to as type-II complexes). The original Ag NC 
intermediates were unstable in water and degraded rather rapidly in the 
aqueous phase, as evidenced in the diminishing of the deep-red solution to 
colorless in 3 h. This was due to the decomposition of the original Ag NC 
intermediates to thiolate-AgI complexes by the excess GSH ligands in water; 
and Step C – reduction of the type-II complexes to form Ag NCs (hereinafter 
referred to as the modified Ag NC intermediates). The addition of the same 
amount of NaBH4 as that used in Step A into the type-II complex solution 
turned the colorless solution to light-brown after ~ 15 min, thus suggesting the 
formation of Ag NCs in water (the modified Ag NC intermediates). The 
modified Ag NC intermediates were then incubated in water at room 
temperature for 8 h (Stage II in Figure 5.1), and strong red emission in water 
was observed under the UV illumination at 365 nm, implicating the formation 
of strong red-emitting Ag NCs (r-Ag NCs). 
The key strategy in our protocol is to modify Ag NC intermediates in 
water subjected to a final size-/structure-focusing process to generate highly 
luminescent Ag NCs. It has been well-demonstrated in the synthesis of Au 
NCs that the size and structure property of Au NC intermediates that are 
subjected to a further size-/structure-focusing is crucial to produce Au NCs 
with a well-defined size and structure.17, 18, 20, 30, 76, 90 We reasoned that this 
principle is also applicable in the synthesis of thiolate-protected Ag NCs. The 
optical properties and size/structure information of the type-I and type-II 
complexes, and the original and modified Ag NC intermediates, have been 




5.3.2 Characterization of Thiolate-AgI Complexes and Ag NC 
Intermediates 
 
Figure 5.2 (a) Optical absorption spectra and photographs (inset) of the type-I 
(no.1) and the type-II (no.3) complexes, and the original (no.2) and the 
modified (no.4) Ag NC intermediates. (b) ESI mass spectra of the type-I (top, 
no.1) and the type-II (bottom, no.3) complexes. The inset shows the zoomed-
in ESI mass spectra of the complexes in a m/z range of 1050 - 2050. (c) 
MALDI-TOF mass spectra of the original (top, no.2) and the modified 
(bottom, no.4) Ag NC intermediates. 
 
As shown in Figure 5.2a, although both type-I and type-II complexes are 
colorless in water (inset, item no.1 and no.3), they have shown very different 
optical absorption spectra – the type-I complexes displayed two distinct 
absorption peaks at 280 and 370 nm (Figure 5.2a, curve no.1), whereas the 
type-II complexes did not show any obvious absorption peak in 300 - 900 nm 
region (curve no.3). The peak at 370 nm in the absorption spectrum of type-I 
complexes is associated with the metallophilic interaction between metal 
centers (AgI···AgI), which is well-documented for closed-shell metal atoms 
(AgI has 4d10 center).229-231 The formation of metallophilic bonds between 
thiolate-AgI complexes implied that there were a certain extent of 
intermolecular aggregations in the type-I complexes, as confirmed using ESI 
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mass spectrum. As shown in Figure 5.2b (top panel), species in the type-I 
thiolate-AgI complexes displayed a very broad size range from Ag1 to Ag11. 
On the contrary, the ESI mass spectrum of type-II complexes (Figure 5.2b, 
bottom panel) only showed small complex species with a very narrow size 
range from Ag1 to Ag3, which was also consistent with the observation of no 
obvious absorption peaks in its absorption spectrum (Figure 5.2a, curve no.3). 
It should be mentioned that a cycle of reduction-decomposition process is 
indispensable for the formation of type-II complexes with a narrower size 
range. As evidence, a long incubation time (e.g., 24 h) of the type-I complexes 
did not confine their size range, which was indicated by their unchanged 
optical absorption spectrum (data not shown). This then excludes the 
possibility that the type-II complexes are the thermodynamic state of the type-
I complexes after a long equilibration time. In addition, the characterization of 
these two complexes by using TEM was not successful due to their 
excessively unconsolidated composition. On the other hand, there is no 
difference for the binding energy of Ag 3d5/2 in type-I and type-II thiolate-AgI 
complexes (XPS analyses in Figure 5.3); providing supportive evidence of the 
unchanged oxidation state of Ag in complexes before (type-I) and after a 
reduction-decomposition modification (type-II). Nevertheless, as compared to 
the type-I thiolate-AgI complexes, the relatively narrower size distribution and 
smaller species in type-II complexes favoured the subsequent formation of Ag 
NCs (upon the reduction) with an improved size- and structure-controllability. 
The introduction of the same amount of strong reducing agent, NaBH4, 




Figure 5.3 XPS spectra of Ag 3d in type-I (dotted line) and type-II (solid line) 
thiolate-AgI complexes. 
 
solution into dark-red (Figure 5.2a inset, item no.2) and light-brown (item no.4) 
solution respectively, indicating the formation of Ag NCs in water. These two 
Ag NCs also displayed apparent distinctions in water. The original Ag NC 
intermediates (from the reduction of type-I complexes) showed a distinct 
absorption peak at 480 nm and three shoulder peaks at 335, 540 and 645 nm 
(Figure 5.2a, curve no.2), while the shoulder peak at 540 nm disappeared for 
the modified Ag NC intermediates (curve no.4). The different optical 
absorption spectra of these two Ag NC intermediates indicated that they could 
have different cluster sizes and/or structures. MALDI-TOF mass spectrometry 
was then used to further examine the cluster sizes of the original and modified 
Ag NC intermediates. As shown in Figure 5.2c, the original Ag NC 
intermediates (top panel) showed a broad band from 2180 to 5725 Da in the 
mass spectrum; implying a polydispersed size nature of the original Ag NC 
intermediates mainly ranging from Ag6(SG)5 to Ag19(SG)12. On the contrary, 
the modified Ag NC intermediates possessed relatively narrower size 
distribution from 5310 to 6140 Da (Figure 5.2c, bottom panel), which could be 
assigned to Ag18(SG)11 - Ag20(SG)13. The difference in cluster sizes between 
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two Ag NC intermediates was also suggested by their varied formation rate. 
The reduction of type-I thiolate-AgI complexes to form Ag NCs (the original 
Ag NC intermediates) was completed within 5 min. However, it needs about 
15 mins to form the modified Ag NC intermediates upon the addition of 
NaBH4 to the type-II thiolate-AgI complexes. The different reduction kinetics 
of two types of complexes upon the introduction of strong reducing agent 
could be understood from their distinct size and structure differences. The 
smaller and more monodispersed complex species (the type-II complexes) 
were more thermodynamically stable and more resistant to the reducing agent, 
thus slowing down the reduction kinetics to generate NCs (the modified Ag 
NC intermediates) with definitive size and possible more compact structure.  
5.3.3 Synthesis and Characterization of r-Ag NCs 
 
Figure 5.4 Photoexcitation and photoemission spectra of the original (solid 
lines) and modified (dotted lines) Ag NC intermediates. Insets show 
photographs of the original (left panel) and modified (right panel) Ag NC 
intermediates under visible (item 1) and UV (item 2) light. 
 
No luminescence was emitted by the original or modified Ag NC 
intermediates in aqueous solution (Figure 5.4). The original Ag NC 
intermediates were vulnerable against the excess thiol ligands in water, and 
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completely decomposed into thiolate-AgI complexes within 3 h. On the 
contrary, the modified Ag NC intermediates exhibited much better stability in 
water against the excess thiol ligands, possibly because of their more compact 
structure and narrower size distribution (Ag18(SG)11 - Ag20(SG)13). The more 
robust Ag NC intermediates therefore created a better-controlled size-
/structure-focusing process in water, which favoured the formation of stable 
Ag NCs with a well-defined structure. Other metastable NC species were 
gradually decomposed by this size-/structure-focusing process. As a result, 
very strong red emission (inset of Figure 5.5a) was observed after 8 h of 
incubation of the modified Ag NC intermediates at room temperature. The 
strong luminescence observed in aqueous solution was most likely emitted by 
those stable Ag NCs. The emission peak of the as-synthesized r-Ag NCs was 
647 nm (Figure 5.5a, red line) with an excitation of 489 nm. The QY was ~4.2% 
(calibrated with Rhodamine B). It was observed that the shoulder absorption 
peaks at 335 and 645 nm of the modified Ag NC intermediates (Figure 5.2a, 
curve no.4) disappeared after 8 h of incubation, and the absorption peak at 480 
nm became sharper and slightly shifted to 489 nm (Figure 5.5a, black line), 
indicating the size-/structure-focusing of modified Ag NC intermediates in 






Figure 5.5 (a) Optical absorption (black line) and photoemission (red line, λex 
= 489 nm), and (b) MALDI-TOF mass spectrum of r-Ag NCs in water. The 
inset in Figure 5.5a shows photographs of r-Ag NCs in water under visible 
(item 1) and UV (item 2) light. (c) ESI mass spectra (in negative ion mode) of 
r-Ag NCs: the broad-range spectrum of AgM(SG)N (top), the zoomed-in 
spectrum (middle) and the isotope pattern of [Ag16(SG)9 - 3H + 3Na]3- (bottom; 
the observed mass of 4548.72 Da, and the calculated mass of 4548.63 Da). 
 
 
Figure 5.6 Representative TEM images of the (a) r-Ag NCs and (b) g-Ag NCs. 
 
Strong red emitting Ag NCs with a well-defined size and structure has 
been formed after this size-/structure-focusing process, which has been 
confirmed by the MALDI-TOF and ESI mass spectrometric analysis. In the 
MALDI-TOF spectrum (Figure 5.5b), a peak at approximately 4485 Da was 
detected, which agrees well with the molecular formula of Ag16(SG)9. ESI 
mass spectroscopy was also used to verify the cluster formula. As shown in 
Figure 5.5c (top panel), four sets of intense peaks at m/z of 1516, 1629, 1735 
and 1946 were present in the m/z range of 1400 - 3000, which could be 
attributed as [Ag16(SG)9]3-, [Ag12(SG)6]2-, [Ag16(SG)11]3-, and [Ag16(SG)7]2-, 
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respectively. Therefore, the as-synthesized r-Ag NCs can be assigned to 
Ag16(SG)9 on the basis of its MALDI-TOF and ESI mass spectra. The other 
species observed in the ESI mass spectrum could be generated either by the 
fragmentation or the rearrangement/recombination of Ag NCs during 
ionization. Similar observations have been reported in previous publications.18, 
232 TEM images (Figure 5.6) also confirmed that the r-Ag NCs were below 1.5 
nm. The r-Ag NCs with a formula of Ag16(SG)9 is a new species in the family 
of thiolate-protected Ag NCs. It is believed that after a size-/structure-focusing 
process, metastable NC species in water gradually decomposed, leaving 
behind the most stable Ag NCs with a well-defined size and structure. 
Several experimental observations have helped to offer the origin of the 
luminescence of our sample (r-Ag NCs); 1) there were no luminescence in the 
system without the present of AgNO3 (e.g., only GSH, NaBH4 and their 
mixtures), suggesting  the red emission in our product was due to Ag NCs; and 
2) the luminescence was unlikely to be from the small thiolate-AgI complexes, 
as materials with a molecular weight < 3000 Da in our product had been 
removed using a filter with 3000 Da MWCO. Almost identical emission 
spectrum of the filtered product has been observed as that of the raw product, 
hence suggesting that the luminescence is emitted from Ag NCs in our sample. 
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5.3.4 Synthesis and Characterization of g-Ag NCs 
 
Figure 5.7 (a) Optical absorption (solid line) and photoemission (dotted line) 
spectra, (b) TEM image, and (c) MALDI-TOF mass spectrum of the modified 
Ag NC intermediates prepared by reducing the type-II thiolate-AgI complexes 
with 250 μL of 112 mM NaBH4. The inset shows photographs of the modified 
Ag NC intermediates under visible (item 1) and UV (item 2) light.  
 
Another noticeable feature of our protocol is color tunability. It is well-
known that metal NCs possess size-tunable electronic transitions, and exhibit a 
size-dependent luminescence property. The emission color of our final 
products can be adjusted by simply fine-tuning the sizes of the modified Ag 
NC intermediates. One feasible approach to adjust the size of the modified Ag 
NC intermediates is to introduce different concentrations of reducing agent 
(NaBH4) in the type-II thiolate-AgI complex solution. This adjustment of 
reduction kinetics led to the formation of a range of Ag NC intermediates with 
varied sizes. For instance, the addition of more reducing agent NaBH4 (250 μL 
vs. 50 μL that was used in the synthesis of r-Ag NCs) can increase the 
reduction rate of the type-II complexes, therefore producing Ag NCs (the 
modified Ag NC intermediates) with smaller sizes. As shown in Figure 5.7a, 
the as-modified Ag NC intermediates displayed light-brown in solution, and 
exhibited two absorption peaks at 420 and 520 nm. The TEM image of the 
modified Ag NC intermediates confirmed they were less than 2 nm in size 
(Figure 5.7b). The MALDI-TOF mass spectrum of the modified Ag NC 
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intermediates displayed a prominent peak at around 3960 Da (Figure 5.7c), 
which was indeed much smaller, as expected, than the size of the modified Ag 
NC intermediates prepared with 50 μL NaBH4 (approximately 6000 Da, 
Figure 5.2c, bottom panel).  
 
Figure 5.8 (a) Optical absorption (black line) and photoemission (blue line, λex 
= 379 nm) spectra of g-Ag NCs in water. The inset shows photographs of g-
Ag NCs in water under visible (item 1) and UV (item 2) light. (b) MALDI-
TOF mass spectrum of g-Ag NCs in water. (c) ESI mass spectra (in negative 
ion mode) of g-Ag NCs: the broad-range spectrum of AgM(SG)N (top), the 
zoomed-in spectrum (middle) and the isotope pattern of [Ag9(SG)6 - 2H + 2Na 
+ 2OH]2- (bottom; the observed mass of 2886.3 Da, and the calculated mass of 
2886.6 Da). 
 
Similar to the formation of r-Ag NCs, the incubation of the as-modified 
Ag NC intermediates for 48 h at room temperature can produce strong green-
emitting Ag NCs (g-Ag NCs) in water (inset of Figure 5.8a). As shown in 
Figure 5.8a, the g-Ag NCs displayed an emission peak at 495 nm (blue line). 
The QY of g-Ag NCs was determined as ~2.6% by calibrating with 
Rhodamine B. The absorption peaks of the modified Ag NC intermediates at 
420 and 520 nm (Figure 5.7a) disappeared after 48 h of incubation, and a new 
shoulder peak at 370 nm was observed for the g-Ag NCs (Figure 5.8a, black 
line). Both MALDI-TOF and ESI mass spectra suggested Ag9(SG)6 are the 
dominant species in the g-Ag NCs (Figure 5.8b and 5.8c). The Ag8(SG)5 
presented in the ESI spectrum could be the residue of the parent Ag9(SG)6 
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clusters after the common dissociation of a Ag(SG) fragment. The TEM image 
(Figure 5.6b) showed that the g-Ag NCs were < 1.5 nm. The g-Ag NCs with a 
molecular formula of Ag9(SG)6 is smaller than the r-Ag NCs with a formula of 
Ag16(SG)9, which corresponds well with their size-dependent luminescence 
property – the shift of the emission wavelength from red (647 nm) for r-Ag 
NCs to green (495 nm) for g-Ag NCs, with the decrease of the cluster size 
from Ag16 to Ag9. Using our novel principle of aqueous-based synthesis of 
luminescent thiolate-protected Ag NCs with tunable emissions, it is possible to 
synthesize luminescent Ag NCs with distinct characteristics, and equipping the 
bioimaging toolkit with a rainbow (from blue to near-infrared) of Ag NCs.  
5.3.5 Superior Antimicrobial Activity of the Ag NCs 
The ultrafine size of the as-synthesized Ag NCs may provide an 
additional feature – superior antimicrobial activity owing to their ultra-high 
surface to volume ratio and unique surface chemistry as compared to their 
larger counterparts (nanocrystals with size > 2 nm). Herewith, Pseudomonas 
aeruginosa was chosen as a bacteria model to study the antimicrobial 
properties of our r-Ag NCs. P. aeruginosa is reported to cause pneumonia,233 
urinary tract infections,233, 234 and respiratory system infections in many burn 
cases,235 as well as immune-suppressed AIDS patients.233, 236 Recent reports 
also showed an increase number of P. aeruginosa resistance towards many 
conventional antibiotics, such as ampicillin, penicillin and cephalosporin.218, 
233 The susceptibility of P. aeruginosa towards r-Ag NCs was first determined 
by agar diffusion assay. Our results confirmed that as low as 8 μg of r-Ag NCs 
can effectively inhibit the growth of P. aeruginosa. This was shown by the 
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clear zone with the width of ~3.9 mm surrounding the wells in which the Ag 
NC suspension was introduced (Figure 5.9a, indicated by the arrow).  
 
Figure 5.9 (a) Agar diffusion assay showing the presence of clear zone 
surrounding the well where r-Ag NCs were introduced (scale bar of 1 cm). (b) 
Comparison in cell numbers between the control sample, the sample with 
chloramphenicol, and that with r-Ag NCs during a period of 14 h incubation. 
(c) Comparison in the ROS concentration of cells between the control sample 
and that with r-Ag NCs.  
 
In order to further affirm the efficacy of the r-Ag NCs against P. 
aeruginosa, we treated P. aeruginosa culture with 500 μM (on the basis of Ag 
atoms) of r-Ag NC suspension and observed the cell growth over a time 
course of 14 h (Figure 5.9b). Our results showed that at concentration of 500 
μM, Ag NCs completely inhibited the P. aeruginosa growth with no 
significant increase in culture density turbidity (Figure 5.9b, red line). The 
inhibition effect was comparable with that of chloramphenicol used at the 
same concentration (Figure 5.9b, green line). We also observed that at lower 
concentration (45 μM), r-Ag NCs prolonged P. aeruginosa lag phase and 
retarded its growth until 8 h of incubation; however, after 24 h of incubation, 
r-Ag NCs had significantly diminished growth inhibitory effect (data not 
shown). This observation leads us to believe that there is an optimum working 
concentration of our newly developed r-Ag NCs to effectively inhibit the 
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growth and/or kill these pathogenic bacteria. We thus proceed to determine the 
minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of r-Ag NCs. 
Our r-Ag NCs showed dose dependent bactericidal properties, like many 
other antimicrobial agents. MIC and MBC are corresponded to the 
concentration that inhibited bacterial growth as much as 90% and 99.9%, 
respectively, as compared to the vehicle control. Our result showed that the 
MIC and MBC of r-Ag NCs were 110 μM (~11.8 mg·L-1) and 230 μM (~24.6 
mg·L-1), respectively. These values are much lower than that of commercially 
available Ag nanocrystals, which reported to have MIC of 83.3 mM (~9,000 
mg·L-1) and MBC of 100 mM (~10,000 mg·L-1).237 We believe that the main 
reason for lower MIC and MBC values reported in our study is due to the 
smaller size of our r-Ag NCs (< 1.5 nm) as compared to that used in the 
previous publication (~100 nm). These high-potency Ag NC antimicrobial 
capabilities could significantly reduce possible side effects of Ag 
antimicrobials since a much lower dosage is needed to acquire similar 
antimicrobial activity, as that of larger Ag nanocrystals.238-240  
In order to understand the underlying mechanism of antimicrobial ability 
of our Ag NCs, we measured the level of the intracellular reactive oxygen 
species (ROS) in P. aeruginosa population after exposure to r-Ag NCs. Our 
observation showed that there was approximately 6 folds increase of oxidized 
DCF concentration (Figure 5.9c). This confirms that r-Ag NCs could generate 
ROS to eliminate the pathogenic bacteria, similar to two earlier observations 
using Ag nanocrystals.220, 241 Nevertheless, an added advantage of our Ag NCs 
is their strong red luminescence, which can be further used to develop a real-
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time monitoring system for the antimicrobial process, shedding light on the 
working mechanism of Ag antimicrobials and providing useful information for 
the design of more efficient Ag antimicrobials.  
5.4 Conclusion 
In summary, we have developed a simple and facile synthesis strategy 
for water-soluble thiolate-protected Ag NCs with strong luminescence and 
tunable emissions. A new cyclic process of reduction-decomposition-reduction 
was applied to suitably modify the Ag NC intermediates, making possible a 
subsequent size-/structure-focusing process in a well-controlled environment, 
thus generating highly luminescent Ag NCs with a well-defined size and 
structure. Strong r- and g-Ag NCs were synthesized with a respective 
molecular formula of Ag16(SG)9 and Ag9(SG)6. The as-synthesized r- and g-
Ag NCs were protected by a natural tri-peptide (GSH), and exhibited excellent 
stability in water, which could facilitate their potential biomedical applications. 
The protocols and products developed in this study are important not only 
because they provide a simple “green” method for the production of highly 
luminescent Ag NCs, but also because they exemplify the importance of the 
size/structure features of the Ag NC intermediates subjected to final focusing 
process, which can be used towards the future synthesis of luminescent Ag 
NCs covering the visible spectrum (blue to near-infrared). We have also 
shown that our r-Ag NCs possessed superior bactericidal properties against P. 
aeruginosa. These ultrafine luminescent Ag NCs could be further developed 




ULTRASMALL Ag+-RICH NANOCLUSTERS AS HIGHLY 
EFFICIENT NANORESERVOIRS FOR BACTERIAL 
KILLING  
6.1 Introduction 
Metallic silver (Ag) and its ability to combat infection have been known 
since ancient history.242 Herodotus accounted the use of silver container to 
keep water fresh for years during wartime.243 Since then, silver has been used 
to treat hundreds of ailments including pneumonia, typhus, and leg ulcers.244, 
245 The development of nanotechnology has allowed much smaller and more 
efficient materials to be synthesized and to be incorporated into a wide variety 
of consumer products.246-251 Recent studies have ascribed the broad spectrum 
antimicrobial properties of Ag+ ions from the NPs,252 providing new 
inspirations in the design of high-efficiency Ag based antimicrobial agents. 
Despite knowing the mechanism, direct usage of Ag+ ions and their complexes 
as antimicrobial agents is not advisable as it may result in adverse cytotoxic 
effect on mammalian cells due to Ag+ ions’ high affinity to biomolecules.247, 
253, 254 Strong interests is therefore focus on the design of various Ag 
nanomaterial-based antimicrobial agents, which could provide a sufficient 
reservoir of Ag+ ion to give bactericidal effects without endangering human 
cells, through the controlled release of Ag+ ions.255 Theoretically, high-
efficiency Ag nanomaterial-based antimicrobial agents should possess three 
features: ultrasmall size for high Ag atom efficiency, a high local 
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concentration of Ag+ ions assembled on the surface for enhanced antimicrobial 
efficacy, and appropriately timed release kinetics to avoid a catastrophic 
dissociation of Ag+ ions from the nanomaterials and consequent cytotoxicity 
to mammalian cells.  
In this Chapter, we report a novel Ag-based antimicrobial agent: 
ultrasmall thiolate-protected Ag+-rich NPs (thiolate-Ag+-R NPs for short) as 
nanoreservoirs with slow timed dissociation of Ag+ ions. The predominant 
Ag+ species were assembled on the surface of these ultrasmall NPs (< 2 nm) 
with thiolates as protecting ligands to prevent the fast dissociation of Ag+ ions, 
thus fulfilling the above mentioned features of a highly efficient Ag-based 
antimicrobial agent. To further prove our concept in controlled experiments, 
we synthesized reference NPs having the same size and protective ligands, but 
with Ag0 species localized on the NP surface (which we denote Ag0-R NPs). 
Utilizing these Ag0-R NPs as a reference, the as-synthesized Ag+-R NPs 
exhibited better antimicrobial activity for both gram-negative and gram-
positive bacteria. Thus, exemplifying the importance of high local 
concentration of Ag+ assembled on the NP surface in improving the 
antimicrobial activity. Our findings further encourage the design of novel 
ultrasmall Ag NP-based antimicrobial agents and potentially promote the 
advances of this field.   
We aim to synthesize an ultrasmall Ag NP (smaller than 2 nm in size),41, 
42, 77, 256 which is typically termed as NCs.14, 36, 257-260 Recently, noble metal 
NCs (e.g., Au and Ag) have drawn interest owing to their unique molecule-
like properties (e.g., luminescence35, 37, 113, 205, 261) together with their great 
potential in biomedical applications such as bioimaging,8, 43, 262, 263 
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biosensing,9, 264 and as antimicrobial agent.265 Here well-developed glutathione 
(GSH)-protected Ag NCs were chosen as our research model.68 
6.2 Experimental Section 
6.2.1 Materials 
Ultrapure Millipore water (18.2 ME) was used in the whole study. All 
glassware were washed with aqua regia, and rinsed with abundant water and 
ethanol before drying in the oven. Silver nitrate (AgNO3) and sodium 
hydroxide (NaOH) from Merck; Tryptone, yeast extract and agar from BD 
Difco (Sparks, MD, USA); Ampicillin, sodium borohydride (NaBH4), sodium 
chloride (NaCl), L-glutathione reduced (GSH), rhodamine B, and 2,5-
dihydroxybenzoic acid (DHB), from Sigma-Aldrich; were used as received.  
6.2.2 Characterization 
Fourier transform infrared (FT-IR) spectra were recorded using a PE 
Paragon 1000 spectrometer (KBr disk). NMR spectra were collected on 
Bruker Avance 500 (DRX 500, 500 MHz). UV-vis spectra were recorded on a 
Shimadzu UV-1700 spectrometer. PL measurements were carried out on a 
Perkin-Elmer LS-55 equipped with a xenon lamp excitation source and a 
Hamamatsu (Japan) 928 PMT, using 90 degree angle detection for solution 
sample. LLS measurements were performed using Brookhaven Instrument 
Corporation (BIC) 90 Plus with λ = 659 nm. TEM studies were performed on 
a JEOL JEM-2010 electron microscopy with an accelerating voltage of 200 
kV. Gel permeation chromatography (GPC) analysis was conducted with a 
Waters 2690 liquid chromatography system equipped with Waters 996 
photodiode detector, using polystyrene as the standard and LiBr/DMF (0.01 
Chapter 6 
106 
mol/L) (for HPG and HPG-Alk) or THF (for PFBT-N3) as the eluent at a flow 
rate of 1 mL/min. Confocal laser-scanning microscopy (CLSM) images was 
recorded on a Zeiss LSM 410 (Jena, Germany) with imaging software 
(Fluoview FV500). 
6.2.3 Synthesis of GSH-Ag+-R NCs and GSH-Ag0-R NCs 
GSH-Ag+-R NCs was synthesized according to the Cyclic NaBH4 
reduction-decomposition method developed in Chapter 5 with slight 
modification. Typically, aqueous solutions of GSH (150 μL, 50 mM) and 
AgNO3 (125 μL, 20 mM) were mixed in water (4.7 mL) under stirring 
condition to form GSH–Ag+ complexes, followed by adding an aqueous 
solution of NaBH4 [50 μL, 112 mM, prepared by introducing 43 mg NaBH4 
powder into a diluted NaOH solution (10 mL, 0.2 M)] to form a deep-red 
solution of Ag NCs (~5 mL) in 5 min. After incubating for ~3 h at room 
temperature, the deep-red solution was changed to colorless due to thiolate 
etching. A NaBH4 solution (50 μL) was then introduced into the colorless 
solution under vigorous stirring, and a light-brown Ag NC solution was 
collected after 20 min. Without stirring, this light-brown Ag NC solution was 
further incubated for 20 h at room temperature, and an intense red 
luminescence could be emitted from the aqueous phase. The obtained highly 
luminescent GSH-Ag+-R NCs were collected and purified by an ultrafiltration 
process. The purified solution was stored at 4 oC before use. The GSH-Ag0-R 
NCs was prepared through introducing the NaBH4 solution (15 μL) into 
solution of highly luminescent GSH-Ag+-R NCs (5 mL) and stirring at room 
temperature for 5 min.  
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6.2.4 Bacterial Cell Culture 
Bacillus subtilis (NRRL-NRS 762, USDA, USA), Staphylococcus aureus 
(ATCC 25923, ATCC, USA), Escherichia coli K12 (ATCC 700926, ATCC, 
USA) and Pseudomonas aeruginosa (NRRL-B 3509, USDA, USA) cells were 
grown in Luria Bertani medium (LB; 10 g/L tryptone, 5 g/L yeast extract, 10 
g/L NaCl, pH = 7). Standard culture condition of 37 oC, 150 rpm was 
employed throughout the study. The strains were maintained on LB agar plates 
(10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar, pH = 7), 
where the strains were transferred to fresh plates every two weeks.  Seeding 
culture was prepared by picking single colony from each strain and grown 
them in 30 mL of LB broth under standard culture condition for 18 h. 
6.2.5 Agar Diffusion Assay  
The diffusion assay was done by utilizing bacteria lawn of 4 different 
types of opportunistic bacteria (P. aeruginosa, E. coli, B. subtilis, and S. 
aureus). Briefly, the seeding culture was added into sterile LB agar solution to 
make a final OD600 = 0.03 (approximately 106 CFU/mL) and were let to 
solidify. Afterward, 40 µL of Ag+-R NCs or Ag0-R NCs (431 μg·mL-1) was 
dropped on Whatmann filter paper. In addition, bacterial lawns were exposed 
to filter paper loaded with ultrapure water and 100 mg/mL Ampicillin, which 
served as vehicle control and positive control, respectively. Zone inhibition 
could be observed upon 12 h incubation in static condition at 37 oC. Following 
its formation, the zone of inhibition was quantified by measuring the clear 
zone distance at 5 random positions. 
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6.2.6 Reduction of Cell Growth  
Seeding cells were added into sterile LB broth to make a final 
concentration 1x106 CFU/mL.  Afterward, Ag+-R NCs or Ag0-R NCs (6.25, 
12.5, 25, 50, 100, 200, 400, and 800 µM) were added to the cell suspension 
with a ratio of 1:5. Ultrapure water with the same ratio was added into cell 
suspension in order to serve as a vehicle control. The cell suspensions then 
were incubated at 37 oC, 150 rpm for another 18 h, and the end point cell 
density was measured by determining the optical density at 600 NM. 
Minimum inhibition concentration (MIC) was determined by curve fitting of 
the cell viability reduction data and extrapolating out the concentration needed 
to reduce 90% of the bacterial cell population. 
6.3 Results and Discussion 
 
Figure 6.1 (a) Schematic illustration of the conversion process of GSH-Ag+-R 
NCs to GSH-Ag0-R NCs. (b) ESI mass spectra of the GSH-Ag+-R NCs (upper 
panel) and GSH-Ag0-R NCs (lower panel). (c) Optical absorption (solid lines) 
and photoemission (dash lines, λex = 489 nm) spectra of the GSH-Ag+-R NCs 
(red lines) and GSH-Ag0-R NCs (black lines). The inset shows photographs of 
the GSH-Ag+-R NCs (upper panel) and GSH-Ag0-R NCs (bottom panel) under 
visible (left items) and UV (right items) light illumination. (d) XPS spectra of 




Figure 6.2 Isotope patterns of Ag species in GSH-Ag+-R NCs. 
 
 
Figure 6.3 Isotope patterns of Ag species in GSH-Ag0-R NCs. 
 
 GSH is a naturally occurring tripeptide with a thiol group in the cysteine 
residue.21, 68 The GSH-Ag+-R NCs (Figure 6.1a) was synthesized by using the 
cyclic NaBH4 reduction-decomposition method developed in Chapter 5 with 
slight modification.265 Briefly, AgNO3 and GSH were mixed together to form 
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GSH-Ag+ complexes, followed by repeated NaBH4 reduction-decomposition-
NaBH4 reduction procedures as well as a size-focusing process of 20 h at room 
temperature. As a reference sample, the same sized GSH-Ag0-R NCs can be 
obtained through reducing GSH-Ag+-R NCs. As shown in Figure 6.1a, by 
introducing a controlled amount of NaBH4, GSH-Ag+-R NCs can be 
transformed to GSH-Ag0-R NCs. 
 
Figure 6.4 MALDI-TOF mass spectra of the GSH-Ag+-R NCs (upper panel) 
and GSH-Ag0-R NCs (lower panel). 
 
 
Figure 6.5 Representative TEM images of the GSH-Ag+-R NCs (a) and GSH-
Ag0-R NCs (b). 
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ESI and MALDI-TOF mass spectrometry confirmed that the as-
synthesized GSH-Ag+-R NCs had the same size as the reference GSH-Ag0-R 
NCs.  As shown in Figure 6.1b (upper panel), four distinct peaks at ~m/z 1538, 
1650, 1759, and 1980 were observed in the mass spectrum of the GSH-Ag+-R 
NCs. These peaks can be assigned to [Ag16(SG)9]3-, [Ag16(SG)5]2-, 
[Ag14(SG)12]3-, and [Ag15(SG)14]3-, respectively (see Figure 6.2 for detailed 
analyses). The same conditions were used to obtain the size information about 
GSH-Ag0-R NCs. Similarly, four sets of peaks at ~m/z 1516, 1616, 1728, and 
1946 were identified (lower panel in Figure 6.1b), which could be attributed to 
[Ag16(SG)9]3-, [Ag15(SG)5]2-, [Ag16(SG)11]3-, and [Ag14(SG)14]3-, respectively 
(see Figure 6.3 for detailed analyses). ESI results revealed that GSH-Ag+-R 
NCs and GSH-Ag0-R NCs have approximately the same size distribution 
(Ag14-16). MALDI-TOF mass spectra (Figure 6.4) of GSH-Ag+-R NCs and 
GSH-Ag0-R NCs both showed a peak at ~m/z 4500 Da, supporting the 
conclusion that they have a similar range of size. Furthermore, TEM images 
(Figure 6.5) also confirmed that the sizes of GSH-Ag+-R NCs and GSH-Ag0-R 
NCs are indistinguishable, with both being smaller than 1.5 nm. 
Despite their shared size, GSH-Ag+-R NCs and GSH-Ag0-R NCs 
exhibited totally different optical properties (e.g., absorption and 
luminescence). Specifically, the GSH-Ag+-R NCs was brown in solution (inset 
of Figure 6.1c, upper panel, left ) and showed a distinct absorption peak at 489 
nm (Figure 6.1c, solid red line). Moreover, an intense red luminescence was 
emitted by GSH-Ag+-R NCs under UV light illumination (inset of Figure 6.1c, 
upper panel, right) with an emission peak at 643 nm (Figure 6.1c, dash red 
line). Upon the introduction of NaBH4 (15 μL) to an aqueous GSH-Ag+-R NC 
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solution (~5 mL), the color of the solution changed to dark brown (inset of 
Figure 6.1c, lower panel, left) accompanied by a blue shift in its optical 
absorption (459 nm, Figure 6.1, solid black line). Furthermore, the resulting 
GSH-Ag0-R NCs did not show any visible luminescence (inset of Figure 6.1c, 
lower panel, right), which was consistent with its photoemission spectrum 
(Figure 6.1c, dash black line). The dramatic changes in optical properties 
suggest that the two NCs contain silver in different oxidation states,266 which 
was consistent with the reduction of GSH-Ag+-R NCs to GSH-Ag0-R NCs by 
NaBH4. XPS was then used to examine the oxidation states of Ag in GSH-
Ag+-R NCs and GSH-Ag0-R NCs. As shown in Figure 6.1d (upper panel), the 
Ag 3d5/2  binding energy of GSH-Ag+-R NCs was centered at ~367.82 eV. 
This broad peak was deconvoluted into Ag0 and Ag+ components with binding 
energies of 367.7 and 367.9 eV, respectively (dash blue and green lines), 
clearly suggesting the predominant species (~67.2 %) is Ag+ in GSH-Ag+-R 
NCs. By contrast, the Ag 3d5/2  binding energy  GSH-Ag0-R NCs was located 
at 367.73 eV (Figure 6.1d, lower panel), close to that of the Ag0 (367.7 eV), 
indicating a predominance of Ag0 species (~78.3 %) in GSH-Ag0-R NCs. The 
ESI mass spectra, MALDI-TOF mass spectra, TEM, UV-vis absorption 
spectra, luminescence spectra, and XPS analyses all suggested that GSH-Ag+-
R NCs and GSH-Ag0-R NCs have the same size distribution and surface 
ligand but different oxidation states.  
Owing to the high local concentration of Ag+ ions assembled on the NCs 
surface, GSH-Ag+-R NCs showed superior antimicrobial activity compared 
with the reference GSH-Ag0-R NCs. A bacteria lawn of four different 




Figure 6.6 Agar diffusion assay (a) shows the presence of clear zone 
surrounding filter paper where the Ag NC samples (100 µM) were introduced. 
The clear zone periphery is demarcated by the dashed line. Scale bar = 1 cm. 
Interestingly, the GSH-Ag+-R NC treated samples produce wider zone 
inhibition ((b) and (c)), suggesting the GSH-Ag+-R NCs are a more potent 
antimicrobial agent than the GSH-Ag0-R NCs. Ultrapure water was used as 
vehicle control and ampicillin (50 μg/mL) served as positive control. Data are 
means ± SD (n = 5). Student’s t-test, p < 0.05, * denotes significant difference 
from vehicle control. # denotes a significant difference between GSH-Ag+-R 
and GSH-Ag0-R NC treated samples. 
 
Pseudomonas aeruginosa and Escherichia coli, as well as two gram-positive 
bacteria Bacillus subtilis and Staphylococcus aureus, were selected as 
bacterial models to study the antimicrobial properties of the NCs. The 
susceptibilities of the four bacterial strains towards GSH-Ag+-R NCs (Figure 
6.6a, column 3) was first determined by an agar diffusion assay where 
ultrapure water, antibiotic ampicillin, and GSH-Ag0-R NCs were applied as 
vehicle control (Figure 6.6a, column 1), positive control (Figure 6.6a, column 
4), and reference sample (Figure 6.6a, column 2), respectively. Our results 
showed that GSH-Ag+-R NCs, ampicillin, and GSH-Ag0-R NCs are all active 
in inhibiting the four bacterial strains, as shown by the cleared agar zones 
(Figure 6.6a). A comparison of the antimicrobial capabilities of GSH-Ag+-R 
NCs, ampicillin, and GSH-Ag0-R NCs was shown in Figure 6.6b, which 
clearly illustrated that GSH-Ag+-R NCs has stronger antimicrobial capability 
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than GSH-Ag0-R NCs, while it exhibits comparable performance to the 
antibiotic ampicillin. The detailed widths of the inhibition zones of P. 
aeruginosa, E. coli, B. subtilis and S. aureus treated by GSH-Ag+-R NCs, 
ampicillin, and GSH-Ag0-R NCs were summarized in Figure 6.6c. 
 
Figure 6.7 The efficacy of GSH-Ag+-R NCs as antimicrobial agent with the 
GSH-Ag0-R NCs as a reference was assayed by its ability to reduce bacteria 
cell viability ((a)-(d)).  A greater reduction in cell viability could be seen 
following GSH-Ag+-R NC treatment, suggesting the higher potency of this 
material relative to GSH-Ag0-R NCs. Data are means ± SD (n = 3), Student’s 
t-test, p < 0.05, * denotes a significant difference from the vehicle control. # 
denotes a significant difference between GSH-Ag+-R and GSH-Ag0-R NC 
treated samples. Minimum inhibitory concentrations summarized in (e).  
 
To further affirm the efficacy of the GSH-Ag+-R NCs against P. 
aeruginosa, E. coli, B. subtilis, and S. aureus, we treated bacteria cultures with 
different concentrations of GSH-Ag+-R NC suspension from 6.25 to 800 μM 
(on the basis of Ag atoms) with GSH-Ag0-R NCs as a reference, and observed 
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the growth over a time course of 12 h (Figure 6.7a-d). Our results showed that 
at concentrations of up to 400 μM, GSH-Ag+-R NCs are more active than the 
reference GSH-Ag0-R NCs in inhibiting the growth of gram-negative bacteria 
such as P. aeruginosa (Figure 6.7a) and E. coli (Figure 6.7b). Similarly, at 
concentrations of < 400 μM, GSH-Ag+-R NCs exhibited higher antimicrobial 
activities against gram-positive bacteria (i.e., B. subtilis, and S. aureus) than 
GSH-Ag0-R NCs (Figure 6.7c and 6.7d). However, at higher concentrations 
(e.g., 800 μM in cases of gram-negative bacteria and ≥ 400 μM in the case of 
gram-positive bacteria), GSH-Ag+-R NCs showed the same antimicrobial 
activity as GSH-Ag0-R NCs, which is not unexpected considering the large 
excess of both NCs.  
The minimum inhibitory concentrations (MIC) of GSH-Ag+-R NCs were 
100, 100, 80, and 80 μM for P. aeruginosa, E. coli, B. subtilis, and S. aureus, 
respectively (Figure 6.7e). These results are much lower than the 
corresponding values for GSH-Ag0-R NCs (310 μM for P. aeruginosa, 400 
μM for E. coli, 120 μM for B. subtilis, and 150 μM for S. aureus), further 
demonstrating semi-quantitatively the superior antimicrobial activity of GSH-
Ag+-R NCs over GSH-Ag0-R NCs. In addition, MIC analysis suggests that 
gram-positive bacteria are more susceptible to the Ag NCs, as evidenced by 
lower MIC values. This susceptibility difference is possibly caused by the 
inherent difference in the morphology of the bacteria cells, whereby the gram-
negative bacteria possess an additional outer membrane, making them less 
susceptible to the Ag NCs. Moreover, gram positive cell membrane are built 
mostly by peptidoglycan,267 which contains an abundance of proteins as 
potential targets for Ag ion-mediated cell wall disruption.268 In contrast, the 
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cell walls of gram negative bacteria possess only 10% of the peptidoglycan 
content of gram positive bacteria cell walls,269 thus making them less 
susceptible to the antimicrobial action of Ag NCs.  
 
Figure 6.8 Schematic of possible antimicrobial mechanisms of GSH-Ag+-R 
NCs and GSH-Ag0-R NCs.   
 
An interesting question is why GSH-Ag+-R NCs has higher antimicrobial 
activity than the reference GSH-Ag0-R NCs. We propose that GSH-Ag+-R 
NCs has dual antimicrobial functions unlike the reference GSH-Ag0-R NCs. 
Firstly, the intact GSH-Ag+-R NCs armed with abundant Ag+ ions on the 
surface are highly active in bacterial killing probably because the high local 
concentration of Ag+ ions on the NC surface can f interact with biomolecules 
on the bacteria cell wall (e.g., carbohydrates with abundant hydroxyl and 
carboxylic groups and membrane-bound proteins laden with thiol groups) and 
consequently cause cell membrane damage (Figure 6.8, left side),270 this can 
be referred to as the first round of bacterial killing. Next, during the killing 
process a large amount of reactive oxygen species (ROS) can be generated,265 
which might accelerate the dissociation of Ag+ ions from the NCs. The 
dissociated Ag+ ions can initiate a second round of bacterial killing, further 
boosting the antimicrobial performance in a positive feedback cycle (Figure 
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6.8, left side). By contrast, the GSH-Ag0-R NCs is less active against bacteria, 
since its antimicrobial activity mainly originates from the dissociation of Ag+ 
ions (Figure 6.8, right side). Although it seems likely that the GSH-Ag+-R 
NCs have dual antimicrobial functions while the GSH-Ag0-R NCs only have 
single antimicrobial activity, more systematic studies are required to 
understand the underling mechanisms. 
6.4 Conclusion 
In summary, we have studied the antimicrobial activity of GSH-Ag+-R 
NCs towards both gram-negative (i.e., P. aeruginosa, and E. coli) and gram-
positive (i.e., B. subtilis, and S. aureus) bacteria with the GSH-Ag0-R NCs as 
reference. It shown that GSH-Ag+-R NCs has the same size and surface 
ligands as GSH-Ag0-R NCs, but different oxidation states of silver. 
Antimicrobial studies showed that GSH-Ag+-R NCs has much higher 
antimicrobial activity than the reference GSH-Ag0-R NCs regardless of the 
bacteria types.  The bacterial killing mechanism of GSH-Ag+-R NCs was 
proposed to involve a dual antimicrobial function. This study is of interest not 
only because it provides a high-efficiency Ag-based antimicrobial agent, but 
more importantly because it exemplifies the vital role of high local 
concentration of Ag+ species assembled on the NC surface in improving the 
antimicrobial activity. We hope this study will offer some principles for the 
future design of new Ag-based antimicrobial agents for treating antibiotic-






GLUTATHIONE-PROTECTED SILVER NANOCLUSTERS 
AS CYSTEINE-SELECTIVE LUMINOMETRIC AND 
COLORIMETRIC PROBE 
7.1 Introduction  
Cysteine, abbreviated as Cys, is an abundant bio-thiol in biological 
systems.271 It plays a vital role in reversible redox reactions inside cells, which 
have numerous biological functions in metabolism and detoxification.271-273 
Cys is also recognized to be a potential neurotoxin and serves as a biomarker 
for various medical settings. For example, Cys at deficient level is associated 
with slowed growth, hair de-pigmentation, edema, liver damage, skin lesions, 
and weakness.271 A facile analysis of Cys level is therefore pivotal to the early 
diagnosis of these diseases. The conventional Cys assays use high-resolution 
separation techniques such as high-performance liquid chromatography 
(HPLC) and capillary electrophoresis coupled with an optical or mass 
spectrometry detector.274-276 These methods are relatively complicated and 
time-consuming. There is therefore strong interest in the development of a 
fast, simple (in sensor construction and operation), cheap, and miniaturizable 
Cys sensor for patient care. 
Optical biosensors are very attractive in this perspective.277 The optical 
biosensor is an analytical device that combines a biological component with 
an optical detector component for the detection of a biomolecular analyte. It 
holds a great promise for delivering fast and cheap diagnosis in various 
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biomedical settings. For a typical optical biosensor construction, the choice of 
the optical-active materials is crucial to the performance of the sensor.277 
Recent advances in the development of new optical-active noble metal (e.g., 
Ag and Au, or Ag/Au for short) nanomaterials have provided attractive 
candidates to construct novel optical sensors with improved properties in 
terms of cost, speed, simplicity, sensitivity, selectivity and miniaturizability.48, 
257, 262, 278  
Two types of optical-active Ag/Au nanomaterials have been recently 
applied to construct the Cys sensors. The first type is the NPs with core sizes 
of 2–100 nm. This size is comparable to the electron mean free path of Ag and 
Au (~50 nm). NPs in this size regime exhibit characteristic surface plasmon 
resonance (SPR), which arises from the collective excitation of the conduction 
electrons of the NPs.2, 93, 279-281 The second type is the NCs with core sizes <2 
nm. This size is comparable to Fermi wavelength of the conduction electrons 
of Ag and Au (~1 nm). The ultrasmall size of the NCs leads to the discrete and 
size-dependent electronic transitions and interesting molecular-like properties, 
such as strong luminescence and quantized charging.1, 21, 35, 72, 77, 159, 160, 209, 215, 
282-285 Ag/Au NPs and NCs have been recently used to construct optical 
sensors for Cys, where an optical response (changes in SPR of the NPs or 
luminescence of the NCs) is triggered by Cys molecules.286-293 Such optical 
response could then be measured colorimetrically or fluorometrically and 
correlated with the Cys concentration.  
Two common assays have been constructed for Cys detection by using 
Ag/Au NPs or NCs. The first assay is the switch-on method.286-288 In a typical 
switch-on sensor construction, the optical properties of NPs (SPR) or NCs 
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(luminescence) were initially annulled by an inhibitory metal ion (e.g., Cu2+ 
and Hg2+). The addition of the analyte (Cys) can remove these metal ions from 
the NP or NC surface via the formation of thiolate-Cu2+ or thiolate-Hg2+ 
complexes,286-288 which could switch on the optical properties of Ag/Au NPs 
or NCs. The key design in this assay is that the analyte (Cys) must interact 
strongly and specifically with the inhibitory ions (Cu2+ or Hg2+) but not with 
the matrix materials (Ag/Au NPs or NCs). However, thiol ligands are known 
to have high affinity with heavy metal ions including the group 11 (Cu2+, Ag+, 
and Au+) and group 12 (e.g., Hg2+) ions.294, 295 Such high affinity allows the 
interaction between Cys and Ag/Au NPs or NCs, which could constrain the 
performance of this type of sensors. In addition, this assay could not 
differentiate Cys from another popular bio-thiol – GSH. The second assay is 
the switch-off method, where the strong thiol-Ag or thiol-Au interactions were 
utilized to trigger the optical change – typically an intensity decrease or a 
wavelength shift of the SPR or luminescence.109, 296 This assay is simple and 
generally shows good sensitivity. However, the thiol-Ag or thiol-Au 
interactions are also not specific to a particular thiol ligand, and it is still a 
challenge to differentiate the thiol group in Cys and GSH by simply using the 
thiol-Ag or thiol-Au chemistry. 
In this chapter, we report a novel sensor design for Cys detection which is 
based on the combination of the unique thiol-Ag chemistry and the specific 
steric hindrance from the protecting organic layer of Ag NCs. An excellent 
selectivity of Cys against GSH and a very high sensitivity were achieved. The 
key design in our sensor system is a red-emitting Ag NC (r-Ag NC for short) 
protected by the interference bio-thiol GSH. The addition of Cys molecules to 
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the r-Ag NCs immediately quenched their luminescence, whereas GSH and 
other thiol-containing biomolecules (e.g., proteins) cannot quench their 
luminescence. Our r-Ag NCs show superior selectivity for Cys against other 
19 natural amino acids. They also exhibit high sensitivity towards Cys with a 
detection limit of <3 nM, which are two orders of magnitude lower than the 
current optical sensors for Cys.286 On the basis of the ESI-MS analyses, we 
have proposed a working principle for Cys detection in our sensor system, 
where the small bio-thiol ligands (Cys) could penetrate the GSH protecting 
layer of r-Ag NCs and subsequently decomposed the NCs via the formation of 
thiolate-Ag(I) complexes, leading to the luminescence quenching of r-Ag 
NCs. On the other hand, the relatively bulky bio-thiols, such as GSH and 
proteins (e.g., bovine serum albumin, BSA), are shielded off by the steric 
hindrance of the GSH protecting layer and could not interact with the Ag 
atoms on the NC surface, resulting in negligible effects on the luminescence of 
r-Ag NCs. Another interesting feature of our sensor system is the dual optical 
signal change: upon the addition of Cys to the r-Ag NCs, besides the 
luminescence quenching, the color of the NC solution under visible light, 
which arises from the molecular absorption of Ag NCs, also disappeared. The 
dual optical signal change in one sensor system can then be used to detect Cys 
both fluorometrically and colorimetrically, which provides an additional 
correction of possible falsified signals in a single modal system. 
7.2 Experimental Section 
7.2.1 Materials 
Ultrapure Millipore water (18.2 MΩ) was used in this study. All 
glassware was washed with aqua regia and rinsed with ethanol and copious 
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water. L-alanine (Ala), L-arginine (Arg), L-asparagine monohydrate (Asn), L-
aspartic acid (Asp), L-cysteine (Cys), L-glutamine (Gln), L-glutamic acid 
(Glu), L-glycine (Gly), L-histidine (His), L-isoleucine (Ile), L-leucine (Leu), 
L-lysine (Lys), L-methionine (Met), L-phenylalanine (Phe), L-proline (Pro), 
L-serine (Ser), L-threonine (Thr), L-tryptophan (Trp), L-tyrosine (Tyr), L-
valine (Val), 3-mercaptopropionic acid (MPA), L-glutathione reduced (GSH), 
bovine serum albumin (BSA), cysteamine, ethanol, and sodium borohydride 
(NaBH4) from Sigma-Aldrich; sodium hydroxide (NaOH), and silver nitrate 
(AgNO3) from Merck; were used as received. 
7.2.2 Characterization 
UV-vis and luminescence spectra were recorded on a Shimadzu UV-1800 
spectrometer and a PerkinElmer LS55 fluorescence spectrometer, respectively. 
The compositions of r-Ag NCs before and after Cys addition were analyzed by 
ESI mass spectrometry on a Bruker microTOF-Q system. TEM images were 
obtained on a JEOL JEM 2010 microscope operating at 200 kV. XPS was 
measured on a Kratos AXIS UltraDLD spectrometer (Kratos Analytical Ltd) 
with a mono Al Kα radiation source (hν = 1486.71 eV) operating at 15 kV and 
5 mA.  
7.2.3 Synthesis of r-Ag NCs.  
Strongly red-emitting r-Ag NCs was prepared via the cyclic reduction-
decomposition method reported in Chapter 5. In a typical synthesis, under 
vigorous stirring (1000 rpm), aqueous solutions of GSH (150L, 50 mM) and 
AgNO3 (125 L, 20 mM) were mixed in water (4.85 mL) to form GSH-Ag(I) 
complexes, followed by the addition of NaBH4 (50 L, 112 mM). After 5 min, 
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a deep-red Ag NC solution (~5 mL) was collected and allowed to incubate at 
room temperature without stirring for about 3 h. The deep-red dispersion 
gradually changed to colorless. A NaBH4 solution (50 L, 112 mM) was then 
introduced and a brown Ag NC solution was obtained after 20 min. The brown 
Ag NC solution was incubated at room temperature for about 8 h and an 
intense red luminescence was observed from r-Ag NCs. r-Ag NCs were 
collected and purified by use of a dialysis bag with a molecular weight cut-off 
(MWCO) of 3 kDa. The purified red-emitting r-Ag NCs were stored in the 
fridge at 4 oC. 
7.2.4 Selectivity of the r-Ag NCs for Cys Detection.  
Since Cys is one of the 20 natural amino acids that are encoded by the 
universal genetic code, the selectivity of the r-Ag NCs for Cys against the 
other 19 amino acids was tested. Typically, a series of solutions of such 20 
amino acids (1 mL, 50 μM) were mixed with the r-Ag NC solutions (1 mL, 10 
μM). The mixtures were incubated at room temperature for about 10 min and 
then subjected to UV-vis and luminescence measurements. A blank control 
experiment was also conducted by mixing 1 mL of water with the same 
volume of r-Ag NC solution (10 μM). In addition, other thiol ligands such as 
MPA, cysteamine, GSH, and BSA were also employed to investigate the 
effectiveness of steric hindrance of the GSH protecting layer on the surface of 
r-Ag NCs. 
7.2.5 Sensitivity of the r-Ag NCs for Cys Detection.  
A series of Cys solutions with different concentrations (0–1 µM) were 
freshly prepared before use. One mL of such Cys solution was then introduced 
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separately to 1 mL of r-Ag NC solution (100 nM). After 10 min of incubation, 
the luminescence of the mixed solution was recorded. 
 7.3 Results and Discussion 
 
Figure 7.1 Optical absorption (solid lines) and photoemission (dotted lines, 
λex = 489 nm) spectra of the original r-Ag NCs (red lines) and Cys_ Ag NCs 
(black lines). (Insets) Digital photos of r-Ag NCs (item 1) and Cys_ Ag NCs 
(item 2). The left panel shows the solution in visible light, and the right panel 
is viewed under UV illumination. 
 
The as-purified r-Ag NCs is brown in solution (inset of Figure 7.1, left 
panel, item 1) and shows a distinct absorption peak at 489 nm (Figure 7.1, 
solid red line). An intense red emission was emitted by the r-Ag NCs when 
illuminating under UV light (inset of Figure 7.1, right panel, item 1). It shows 
an emission peak at 647 nm (Figure 7.1, dotted red line) and has a QY of 
~4.2%. A representative TEM image (Figure 7.2) confirmed that the r-Ag NCs 
were small and had sizes below 1.5 nm. Upon the introduction of Cys 
(150M) to the aqueous r-Ag NC solution (30 M), the red luminescence of 
r-Ag NCs was completely quenched within minutes (inset of Figure 7.1, right 
panel, item 2). The r-Ag NCs after the Cys addition is referred to as Cys_Ag 
NCs. The resulting photoemission spectrum (Figure 7.1, dotted black line) 
also provided supportive evidence for the complete quenching of the 
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luminescence. In addition, the solution color of r-Ag NCs (brown) was also 
completely bleached within minutes (inset of Figure 7.1, left panel, item 2), as 
evident in its optical absorption spectrum (Figure 7.1, solid black line).  
 
Figure 7.2 A representative TEM image of the as-purified r-Ag NCs. 
 
The luminescence quenching and absorption bleaching of r-Ag NCs was 
due to the interaction of Cys with r-Ag NCs. There are two possible 
interactions of Cys with r-Ag NCs. The first type of interaction is the 
replacement reaction, where Cys, as another thiol ligand, could replace GSH 
ligands on the NC surface, destabilizes the NCs, and results in their 
aggregation. The aggregation induces the increase of the NC size, which leads 
to the luminescence quenching of r-Ag NCs. The second type of interaction is 
the thiol etching of Ag atoms on the NC surface owing to the unique and 
strong interactions of thiol groups with Ag atoms, resulting in the 
decomposition of the luminescent r-Ag NCs to smaller Ag NCs or even to 
thiolate-Ag(I) complexes, which do not fluoresce under UV illumination. The 
first quenching mechanism (the aggregation-induced quenching) was ruled out 
by the representative TEM image of Cys_ Ag NCs, where no particles >0.5 
nm can be observed (data not shown). This data suggested that the Cys_ Ag 
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NCs were too small to be detected by the high-resolution TEM. Therefore, we 
hypothesized that the decomposition of r-Ag NCs by Cys is the working 
principle for the luminescence quenching of r-Ag NCs in our system. 
 
Figure 7.3 (a) ESI mass spectra and (b) XPS spectra of the original r-Ag NCs 
(top panel) and Cys_ Ag NCs (bottom panel). (c) Schematic illustration of the 
luminescence quenching of r-Ag NCs upon the addition of Cys. 
 
In order to further affirm this hypothesis (decomposition-induced 
quenching), we conducted size analyses of the original r-Ag NCs and Cys_Ag 
NCs. ESI mass spectrometry was used in this study to obtain the size 
information of the NCs. ESI is a soft ionization technique that can provide 
direct information for the size of the NCs. Four distinct peaks at m/z 1189, 
1311, 1516, and 1640 were observed in the mass spectrum of the original r-Ag 
NCs (Figure 7.3a, top panel). These peaks were assigned as Ag10(GSH)4, 
Ag12(GSH)4, Ag16(GSH)9, and Ag15(GSH)5, respectively (see Figure 7.4 for 
detailed analyses). The largest species in the original r-Ag NCs was 
Ag16(GSH)9. This species is the dominant species in the original r-Ag NCs, 
and other identifiable species could be the fragmentations of Ag16(GSH)9 




Figure 7.4 Isotope patterns of identified peaks in Figure 7.3 (top panel; the 
original r-Ag NCs).  
 
The same testing conditions were used to obtain the size information of 
Cys_ Ag NCs. As shown in Figure 7.3a (bottom panel), four sets of peaks at 
m/z 1005, 1125, 1219, and 1332 were identified, which could be attributed to 
Ag3(GSH)2(Cys)1, Ag3(GSH)3, Ag6(GSH)3(Cys)3, and Ag8(GSH)4(Cys)2, 
respectively (see Figure 7.5 for detailed analyses). The largest species in the 
Cys_ Ag NCs was Ag8(GSH)4(Cys)2. This species is much smaller than the 
original r-Ag NCs (Ag16(GSH)9). The ESI-MS data is also consistent with the 
observations in the TEM images, where NCs about 1 nm in size were observed 
for the r-Ag NCs (Figure 7.2); however, the size of Cys_ Ag NCs was too 
small to be measured by TEM. The ESI-MS and TEM analyses therefore 
supported our hypothesis that the addition of Cys to the r-Ag NCs could 
decompose the NCs to much smaller species, such as Ag8(GSH)4(Cys)2 and 
Ag6(GSH)3(Cys)3. The presence of Cys ligands in the Cys_ Ag NCs 
[Ag8(GSH)4(Cys)2 and Ag6(GSH)3(Cys)3] provided yet another line of 
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evidence for the decomposing/etching role of Cys against r-Ag NCs. The 
etching/decomposing of r-Ag NCs by Cys is not unexpected since the thiol 
group of Cys could have strong interactions with Ag atoms on the NC surface. 
This process could be further facilitated with the help of oxygen in air.297 
 
Figure 7.5 Isotope patterns of identified peaks in Figure 7.3 (bottom panel; 
Cys_ Ag NCs). 
 
The clue for Cys_ Ag NCs consisting of monovalent Ag atoms [Ag(I)] 
was first suggested by its UV-vis spectrum. The Cys_ Ag NC solution was 
clear and colorless (inset of Figure 7.1, left panel, item 2), and no absorption 
was observed at wavelengths >400 nm (Figure 7.1, solid black line), which 
implied that Ag(I) species is predominant in the Cys_ Ag NCs. XPS was then 
used to examine the oxidation states of Ag atoms in the original r-Ag NCs and 
Cys_ Ag NCs. As shown in Figure 7.3b (top panel), the binding energy of Ag 
3d5/2 of r-Ag NCs was centered at about 367.8 eV. This broad peak was 
deconvoluted into Ag(0) and Ag(I) components with binding energies of 367.7 
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and 367.9 eV, respectively (dotted black and blue lines). It is noteworthy that a 
slight 0.1 eV shift in the Ag 3d5/2 binding energy of the r-Ag NCs towards 
Ag(I) species may be attributed to the effects of the surface thiolates because 
of the electron donation from Ag cluster surface to the surface thiolates.19 In 
contrast, the binding energy of Ag 3d5/2 of Cys_ Ag NCs was located at 367.9 
eV (Figure 7.3b, bottom panel), which agrees well with that of the Ag(I) 
component in r-Ag NCs. The XPS analysis therefore confirmed the 
predominance of Ag(I) species in Cys_ Ag NCs, where thiolate-Ag(I) 
complexes are the most likely complex species. The TEM, ESI-MS, and XPS 
analyses suggested that, upon the addition of Cys to the red-emitting r-Ag 
NCs, Cys can penetrate through the GSH protecting layer of the r-Ag NCs, 
reacted with the Ag atoms on the NC surface owing to the unique thiol-Ag 
chemistry, and subsequently decomposed the luminescent NCs to small and 
non-luminescent thiolate-Ag(I) complexes. Figure 7.3c illustrates the working 
principle of our luminescent r-Ag NCs for Cys detection. 
 
Figure 7.6 Top panel: digital photos under (a) visible light and (b) UV light; 
and Bottom panel: relative optical intensity (I/I0) of (a) absorption at 489 nm 
and (b) luminescence at 647 nm of aqueous r-Ag NCs solutions (10 µM) in the 




       
Figure 7.7 (a) Relative absorbance (I/I0) at λ = 489 nm and (b) relative 
luminescence (I/I0) at λem = 647 nm of r-Ag NCs solutions (10 μM) in the 
presence of 500 μM of different amino acids. 
 
The specific and strong thiol-Ag interactions provided the excellent 
selectivity for our r-Ag NCs towards Cys (thiol-containing amino acid) over 
other natural amino acids (non-thiol-containing). Figure 7.6a shows that the 
brown solution of r-Ag NCs (10 μM) was only obliterated by Cys (50 μM). No 
obvious color changes were observed in the presence of other 19 natural 
amino acids (50 μM, Figure 7.6a, top panel). This was also substantiated by 
their UV-vis spectra, where almost 100% absorption lost at 489 nm of r-Ag 
NCs was observed after the addition of Cys. In contrast, negligible changes 
were observed for other 19 amino acids (Figure 7.6a, bottom panel). Similarly, 
the red luminescence of r-Ag NCs was not quenched by non-thiol-containing 
amino acids (50 μM, Figure 7.6b, top panel), and only Cys, the thiol-
containing amino acid, led to almost 100% luminescence quenching of r-Ag 
NCs (Figure 7.6b, bottom panel). In addition, our red-emitting r-Ag NCs were 
highly robust in the presence of other non-thiol-containing amino acids even at 
a very high concentration (e.g., 10 times of that of Cys, Figure 7.7), which 





Figure 7.8 Luminescence spectra of (a) Lys and (b) Trp solution. (Insets) 
Digital photos of the corresponding solutions under visible (item 1) and UV 
(item 2) light. 
 
Taking advantage of the dual signal change (luminescence and 
absorption) in our sensor system, a dual-modal detection of Cys is readily 
developed. The dual-modal scheme could further improve the reliability and 
practicability of our detection method. For example, the dual-modal detection 
offers an additional correction for the falsified signals (via naked eye) 
observed in our sensor system. It was realized that some amino acids, such as 
lysine (Lys) and tryptophan (Trp), could also fluoresce under UV illumination, 
most likely with a blue emission (Figure 7.8). The blue emission from Lys or 
Trp could interfere with the red emission of r-Ag NCs, and leads to a falsified 
emission color (purple, which is the combination of red and blue) in the Lys_ 
Ag NCs and Trp_ Ag NCs, as shown in Figure 7.6b (top panel). This could 
affect the visual observation (via naked eye) of the Cys detection. However, 
the falsified signal can be easily corrected by the second modal – the 
colorimetric modal, where no color changes were observed for both Lys_ Ag 
NCs and Trp_ Ag NCs (Figure 7.6a, top panel). This visual observation 
verified that Lys and Trp didn’t affect the optical properties of luminescent r-
Chapter 7 
132 
Ag NCs. The dual-modal detection demonstrated in this study can largely 
minimize the falsified signals in the single detection modal (this is also a 
common challenge in other fluorometric assays for Cys), which could greatly 
facilitate the internal cross checking if needed. 
 
Figure 7.9 Optical absorption (solid lines) and photoemission (dotted lines, 
λex= 489 nm) spectra of (a) r-Ag NCs (black), GSH_ Ag NCs (red) and BSA_ 
Ag NCs (blue); and (b) MPA_ Ag NCs (dark yellow), and Cysteamine_ Ag 
NCs (magenta). (Insets) Digital photos of r-Ag NCs (item 1), GSH_ Ag NCs 
(item 2), BSA_ Ag NCs (item 3), MPA_ Ag NCs (item 4), and Cysteamine_ 
Ag NCs (item 5); left panel: under visible light and right panel: under UV 
light. 
 
The steric hindrance provided by the GSH protecting layer of r-Ag NCs 
also made possible the differentiation of Cys from GSH in our sensor system. 
The size of Cys [molecular weight (MW) of ~121 Da] is much smaller than 
GSH, which is a tripeptide with a MW of 307 Da. As demonstrated in Figure 
7.3c, the small thiol ligand (Cys) can penetrate the GSH protecting layer of Ag 
NCs, interacts with the Ag atoms on the NC surface, leading to the 
decomposition and the subsequent luminescence quenching of r-Ag NCs. In 
contrast, the steric hindrance from the GSH protecting layer can effectively 
prevent the penetration and subsequent thiol etching of bulky thiol ligands. 
This hypothesis was affirmed by several revealing experimental observations. 
As shown in Figure 7.9a, the addition of GSH or other large thiol molecules 
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(e.g., BSA, MW of 67 kDa) to the red-emitting r-Ag NCs has negligible 
effects on their optical properties. No detectable changes in the solution color 
(inset of Figure 7.9a, left panel) and luminescence (right panel) were observed 
in the GSH_ Ag NCs (item 2) and BSA_ Ag NCs (item 3). This visual 
observation was further verified by their UV-vis and luminescence spectra 
(Figure 7.9a), where the luminescence lost was negligible upon the addition of 
GSH or BSA to the r-Ag NCs. The unique design of luminescent Ag NCs with 
a GSH protecting layer is therefore the key to achieve the superior selectivity 
of Cys against GSH in our study. The GSH protecting layer of the luminescent 
Ag NCs can simply differentiate thiol ligands by their size. Other small thiol 
ligands, such as MPA (MW of ~108 Da) and cysteamine (MW of 77 Da) were 
used to further prove this hypothesis. As shown in Figure 7.9b, both MPA and 
cysteamine can penetrate the GSH protecting layer and quenched the 
luminescence of r-Ag NCs. The similar observations in MPA (negatively-
charged ligand) and cysteamine (positively-charged ligand) also ruled out the 
possible charge effects on the luminescence of r-Ag NCs. 
 
Figure 7.10 (a) Photoemission spectra (λex = 489 nm) of r-Ag NCs (100 nM) 
in the presence of Cys solutions with different concentrations. (b) Relative 
luminescence (I/I0) of r-Ag NCs as a function of Cys concentration. (Inset) 




The ultrasmall Ag NCs [Ag16(GSH)9] were much more sensitive to the 
analyte (Cys) as compared to large NPs (>2 nm) typically used in previous 
studies.286, 287 The sensitivity of our assay was further enhanced by the strong 
interaction between the thiol group and Ag atoms on the NC surface, which 
has high efficiency in quenching the luminescence of r-Ag NCs. It is therefore 
possible that one Cys molecule can completely quench the luminescence of 
one r-Ag NC via the removal of Ag atoms from the NC surface and 
decomposing the luminescent NCs into small and non-luminescent complex 
species. This feature is difficult or impossible to be achieved in sensors using 
large NPs. To evaluate the sensitivity of our assay, different concentrations of 
Cys (0–1 µM) were spiked with red-emitting r-Ag NC solution (100 nM). As 
shown in Figure 7.10, the luminescence of r-Ag NCs was gradually decreased 
when the Cys concentration was increased from 0 to 1 µM (Figure 7.5a). A 
linear decrease in luminescence intensity was observed in the Cys 
concentration range of 0–500 nM (Figure 7.10b). The limit of detection (LOD) 
for Cys at a signal-to-noise ratio of 3 was estimated to be 3 nM, which are two 
orders of magnitude lower than the LOD reported in other NPs-based Cys 
sensors.286 It is worth mentioning that the LOD of our assay is also determined 
by the concentration of r-Ag NCs in the sensor construction, where a lower 
concentration of r-Ag NCs should achieve a lower LOD for Cys detection. 
Therefore, we could even achieve a LOD in the pM range by using very low 
concentration of r-Ag NCs (e.g., 1 nM). The versatility of the detection regime 
could further broaden the usability of our assay for samples in various 




In summary, we have developed a new and simple (in sensor construction 
and operation) method to detect Cys with high selectivity and sensitivity using 
highly luminescent Ag NCs. The unique thiol-Ag chemistry and the specific 
steric hindrance from the organic layer of the NCs were integrated into one 
single optical-active material (r-Ag NCs) in this study, where both 
physicochemical properties (Ag surface chemistry and luminescence) of the 
NC core and physical properties (e.g., steric hindrance) of the organic shell of 
r-Ag NCs were fully utilized for Cys detection. Owing to the unique and 
strong thiol-Ag interaction, the luminescent r-Ag NCs showed superior 
selectivity for Cys over other 19 natural amino acids (non-thiol-containing). 
The unique design of GSH layer on the NC surface, however, made possible 
the differentiation of Cys from GSH (or other large-sized thiol molecules) 
simply by their size. Furthermore, the ultrasmall size of r-Ag NCs and the high 
affinity of thiol-Ag interaction provided high sensitivity for Cys detection with 
a LOD of <3 nM. The assay developed in this study is of interest not only 
because it provides a simple Cys sensor with high selectivity and sensitivity, 
but also because it exemplifies the utilization of the physical property of 
organic ligands on the NP or NC surface, which is however missing in the 
current construction of sensors by using NPs or NCs. 





CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
Noble metal NCs are emerging as a class of functional nanomaterials 
due to their ultrasmall size, strong luminescence, good photo- and thermo-
stability, and benign biocompatibility. While the synthesis and applications of 
Au NCs have been explosively explored in the past decade, the same 
expansion does not occur in the field of Ag NCs, which is possibly due to the 
difficulty in synthesis, susceptible oxidation of Ag nanomaterials, and 
corresponding lack of research models for applied exploitations. In this thesis, 
we aimed to 1) develop facile, versatile, and scalable synthetic strategies for 
monodisperse/luminescent Ag NCs, and 2) explore their environmental and 
bioapplications such as toxic metal ion/biomolecule sensing, and antimicrobial 
agent. Two synthetic strategies were successfully designed based on creating a 
mild etching/reduction environment and engineering the size of Ag(I)-thiolate 
complexes (Chapter 3 and 5). Moreover, toxic metal ion (e.g., Hg2+) and 
biomolecule sensors (e.g., Cys) were also developed with high selectivity and 
sensitivity (Chapter 4 and 7), relying on the usage of highly luminescent Ag 
NCs, and the corresponding working principles were also identified. 
Furthermore, high-efficiency Ag NC-based antimicrobial agent was also 
designed with interesting antimicrobial mechanisms (part of Chapter 5, and 
Chapter 6). The major findings of this study are summarized as follows:   
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(1) We have developed a new method for preparing highly luminescent 
Ag, Au, Pt, and Cu NCs in a mild etching environment made possible by 
phase transfer via electrostatic interactions. Using Ag as a model metal, 
we demonstrated a simple and fast (total synthesis time < 3 h) phase 
transfer cycle (aqueous → organic (2 h-incubation) → aqueous) whereby 
polydisperse, non-luminescent, and unstable Ag NCs in aqueous solution 
could be transformed into monodisperse, highly luminescent, and 
extremely stable Ag NCs in aqueous solution protected by the same 
original thiol ligand (GSH). The synthetic protocol was then extended to 
fabricate highly luminescent Ag NCs protected by custom-designed 
peptides with different functionalities (e.g., carboxyl, hydroxyl, and 
amine). The attractive features of these metal (Ag, Au, Pt, and Cu) NCs, 
such as an ultrasmall hydrodynamic diameter, high stability, 
biocompatible protecting ligands, and excellent luminescence properties, 
are likely to promote their acceptance in bioimaging and biosensing 
applications. 
(2) A new Hg2+ ion sensor was designed based on highly luminescent Ag 
NCs consisting of monovalent Ag atoms (Ag+). The key strategy was the 
use of high-affinity metallophilic Hg2+···Ag+ interaction, which could 
quench the luminescence of Ag+ NCs in the presence of Hg2+ ions. The 
as-synthesized Ag+ NCs, with their excellent optical property (QY = 15%), 
ultra-high ratio of active Ag+ species in the NC surface (~ 100%), and 
ultra-short diffusion path length of Hg2+ ions to access the NC surface (~ 
0.5 nm), provided an excellent platform for the development of novel 
Hg2+ ion sensors. These features were exploited in the design of a highly 
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selective and ultrasensitive detection assay for the Hg2+ ions. This label-
free method is also inexpensive, simple, and rapid (< 1 min). To the best 
of our knowledge, this is perhaps the first successful attempt in 
synthesizing luminescent Ag+ NCs. This new luminescent probe showed 
better sensing performance than those based on the conventional 
luminescent Ag0 or Au0 NCs. The discovery of the uses of highly specific 
and strong closed-shell (d10) metal interactions for the detection of certain 
metal ions could have general utility. 
(3) In order to minimise the environmental footprint, we developed a 
“green”, simple and facile synthesis strategy for water-soluble thiolate-
protected Ag NCs with strong luminescence and tunable emissions. A 
new cyclic process of reduction-decomposition-reduction was applied to 
suitably modify the Ag NC intermediates, making possible a subsequent 
size-/structure-focusing process in a well-controlled environment, thus 
generating highly luminescent Ag NCs with a well-defined size and 
structure. Strong r- and g-Ag NCs were synthesized with a respective 
molecular formula of Ag16(SG)9 and Ag9(SG)6. The as-synthesized r- and 
g-Ag NCs were protected by a natural tripeptide (GSH) and exhibited 
excellent stability in water, which could facilitate their potential 
biomedical applications. The protocols and products developed in this 
study are important not only because they provide a simple, versatile, 
efficient and “green” method for the production of highly luminescent Ag 
NCs, but also because they exemplify the importance of the size/structure 
features of the Ag NC intermediates subjected to final focusing process, 
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which can be used towards the future synthesis of luminescent Ag NCs 
covering the visible spectrum (blue to near-infrared). 
(4) We have studied the antimicrobial activity of GSH–Ag+-R NCs 
towards both gram-negative (i.e., P. aeruginosa, and E. coli) and gram-
positive (i.e., B. subtilis, and S. aureus) bacteria with GSH–Ag0-R NCs as 
reference. It was shown that GSH–Ag+-R NCs has the same size and 
surface ligands as GSH–Ag0-R NCs, but different oxidation states of 
silver. Antimicrobial studies showed that GSH–Ag+-R NCs has much 
higher antimicrobial activity than the reference GSH–Ag0-R NCs 
regardless of the bacteria type. The bacterial killing mechanism of GSH–
Ag+-R NCs was proposed to involve a dual antimicrobial function. This 
study is of interest not only because it provides a high-efficiency Ag-
based antimicrobial agent, but more importantly because it exemplifies 
the vital role of a high local concentration of Ag+ species assembled on a 
NC surface in improving the antimicrobial activity. We hope this study 
will offer some principles for the future design of new Ag-based 
antimicrobial agents for treating antibiotic-resistant bacteria. 
(5) A new and simple (in sensor construction and operation) Ag NC-based 
Cys sensor has been demonstrated with high selectivity and sensitivity. 
The unique thiol-Ag chemistry and the specific steric hindrance from the 
organic layer of the NCs were integrated into one single optical-active 
material (r-Ag NCs), where both physicochemical properties (Ag surface 
chemistry and luminescence) of the NC core and physical properties (e.g., 
steric hindrance) of the organic shell of r-Ag NCs were fully utilized for 
Cys detection. Owing to the unique and strong thiol-Ag interaction, the 
Chapter 8 
140 
luminescent r-Ag NCs showed superior selectivity for Cys over the other 
19 natural amino acids (nonthiol-containing). The unique design of the 
GSH layer on the NC surface, however, made possible the differentiation 
of Cys from GSH (or other large-sized thiol molecules) simply by their 
size. Furthermore, the ultrasmall size of r-Ag NCs and the high affinity of 
thiol-Ag interaction provided high sensitivity for Cys detection with a 
LOD of <3 nM. The assay developed in this study is of interest not only 
because it provides a simple Cys sensor with high selectivity and 
sensitivity but also because it exemplifies the utilization of the physical 
property of organic ligands on the NP or NC surface, which is however 
missing in the current construction of sensors by using NPs or NCs. 
The developed synthetic strategies in this thesis are efficient in producing 
monodisperse/luminescent Ag NCs with quantities enough for practical 
applications. These approaches are also powerful in tailoring the NC size, 
surface functionalities, metallic core, and oxidation states of metallic species. 
The key of the synthetic strategies such as mild etching and tailoring the sizes 
of Ag(I)-thiolate complexes can shed some light on the design of novel 
pathways for other noble metal NCs (e.g., Au, Pt, and Pd). In addition, the as-
synthesized Ag NCs have been successfully applied in toxic metal 
ion/biomolecule sensing and antimicrobial agent with good performance. The 
unique design skills (e.g., specific metallophilic Ag+(d10)-Hg2+(d10) 
interactions and integration of physiochemical properties of the metallic core 
and organic shell of NCs) in improving the selectivity and sensitivity of 
optical sensors could also provide some inspirations for future development of 
optical sensors. Furthermore, the knowledge generated from antimicrobial 
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studies of Ag NCs is helpful when exploring other high-efficiency Ag-based 
antimicrobial agents. From viewpoints of both synthesis and applications, this 
project provides a new window for synthesizing high-quality Ag NCs, paving 
the way for more environmental and biological applications. 
8.2 Recommendations 
This thesis study demonstrated the fabrication of highly luminescent Ag 
NCs and their applications in sensing and antimicrobial agent. Based on the 
obtained results in this thesis, some future investigations are recommended to 
further boost the advances of noble metal NCs in synthesis and applications.  
The QYs of the luminescent thiolate-protected Ag NCs synthesized in this 
study are still much lower (typically ≤15%) than those well-established 
luminescent probes, such as quantum dots (QDs) and organic dyes (the QY 
could be as high as 100%). Therefore, further development of novel synthetic 
methods for these NCs with high QYs is pivotal to advancing this new class of 
luminescent probes for practical applications. In addition, in contrast to QDs 
or organic dyes, in which a rainbow of emission colors from blue to near-
infrared can be readily achieved, the emission colors of the luminescent 
thiolate-protected Ag NCs are quite limited (only red, blue and green 
emissions are realized in this study). The limited emission colors may 
constraint their applications in some complicated systems such as multiplex 
analysis of analytes. Thus, further advancement in synthesizing luminescent 
Ag NCs with tailorable emission colors is necessary. Furthermore, there is a 
pressing need in developing more general and versatile synthesis strategies for 
luminescent NCs, which could efficiently prepare a variety of high-quality 
luminescent NCs with tailorable attributes (e.g., size, surface coating, and 
Chapter 8 
142 
structure). We have identified two major approaches for the synthesis of 
highly luminescent Ag NCs: mild etching/reduction, and tailoring the size of 
Ag(I)-thiolate complexes. Such understanding of the synthesis process could 
be helpful for the future development of general and versatile synthetic 
methods for high-quality luminescent metal NCs (e.g., Au, Ag, Pt, Pd and 
bimetallic NCs).  
The fundamental issue in the sensing application also needs to be 
addressed in future studies. For example, the mechanism of luminescence 
quenching caused by the metallophilic interactions between Hg2+ and Ag+ is 
presently missing. The understanding of such a fundamental issue is pivotal to 
the development of NC-based optical sensors with better performances (e.g., 
selectivity, sensitivity and response time). Moreover, there is still no report on 
the utilization of the interesting catalytic properties of the ultrasmall Ag core 
for the development of optical sensors, whereas the catalytic properties of 
large Au/Ag NPs have been extensively investigated in the NP-based optical 
sensors. Further development of NC-based optical sensors may integrate this 
interesting and powerful attribute into the sensor design, which could open a 
new avenue for the construction of sensors for a variety of analytes. In 
addition, biosensors constructed using luminescent Au/Ag NCs are still very 
rare, especially those sensors for in vivo settings. This could be another very 
promising topic for the luminescent Ag NCs considering their ultrasmall size, 
which endows NCs a better interfacing with the biological systems and 
subsequently a better control in the cellular internalization, a more efficient 
renal clearance, and a better access to some organelles that are difficult or 
impossible to be accessed by large NPs. The integration of these features of 
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the NCs in future sensor design could further advance optical biosensors for in 
vivo applications. 
Another research interest is about the Ag NC-based antimicrobial agent. 
In this thesis study, only the silver core of the NC was utilized and engineered 
for antimicrobial application. On the other hand, it is well documented that the 
thiolate ligand shell is crucial to interface-related applications because it 
directly dictate the interfacing behaviour of the NCs towards related substrates 
(here is bacteria). Therefore, the thiolate ligand shell can also be applied to 
further improve the antimicrobial activities of Ag NCs. For example, NCs 
with partial positive surface charges have been demonstrated to possess better 
performance of cell uptake,43 and thus Ag NCs with partial positive surface 
charges are expected to higher antimicrobial activity due to the enhanced 
contacting chances of the Ag NCs with bacterial cell membranes. Moreover, 
some macromolecules such as antimicrobial peptides and lysozyme are known 
to present in nature as part of the innate immune system in higher organisms, 
and primarily act against bacteria through enzymatic hydrolysis of the 
peptidoglycian layer that surrounds the cell membrane.298 Naturally, the 
combination of these antimicrobial macromolecules as organic ligand with 
metallic silver into one NC could further improve the antimicrobial activity, 
which could be interesting in the design of next-generation of high-efficiency 
Ag NC-based antimicrobial agents. However, further studies on the 
cytotoxicity issues of the Ag NCs are equally important for developing more 
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